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ABSTRACT
MODELING OF THE SOLID-ELECTROLYTE INTERFACE LAYER OF LITHIUM
ION BATTERIES FOR CAPACITY FADE USING KINETIC MONTE CARLO
BIGYAN KHANAL
2017
The accurate model on the growth of Solid-Electrolyte Interface (SEI) layer of Lithiumion batteries is used to study the capacity fade, ageing, and cycling life and provides
significant information to ensure the battery safety. In this work, the model for SEI layer
dynamics is developed using the Kinetic Monte Carlo approach, in which four major
dynamical processes including adsorption, absorption, diffusion, and passivation are
described by their individual rates, and determined from chemical and physical properties
of materials used in the battery. Total cycle numbers to be simulated determine the number
of Kinetic Monte Carlo steps. The formation of a passive SEI layer with variable thickness
was simulated based on a mathematical model of SEI dynamics. The interfacial resistance
of every cycle was calculated with the varying coverage and thickness of SEI layer. The
simulation results were found consistent with the literature where thickness increased
proportionally to the square root of the time (cycle). The interfacial resistance obtained
from the simulation was used in the 1D- electrochemical model, to predict the chargedischarge behavior of the battery with the varying resistance. The State of Charge (SOC)
was also calculated using Coulomb’s counting and impedance spectroscopy method,
whereas the State of Health (SOH) was determined through the measurement of internal
resistance and capacity. After the coupling of SEI layer model to the 1D electrochemical
model, the results obtained from the simulation were validated with experimental results.

1

Chapter 1: Introduction
1.1

Background

The most popular types of rechargeable batteries for portable electronics is Lithium ion
(Li-ion) battery. First produced in the 1970s, Li-ion cell is comprised of positive electrode,
negative electrode, and an electrolyte that facilitates the transfer of lithium ions between
the two electrodes. The advantages such as high-energy storage density, high open circuit
output voltage, low self-discharge, fast and efficient charging, no memory effect, and
minimal maintenance requirement makes Li-ion batteries suitable for many applications.
Nowadays, the application of Li-ion batteries has been extended towards power demanding
applications such as power tools, backup systems, hybrid electric vehicles (HEVs) and next
generation automotive and aerospace devices [1].

Figure 1.1: General Li-ion battery used in electronics devices [2].

However, there are still many issues including limited lifespan, excessive cost, ageing and
the safety related concerns which needs to be addressed before implementing to the
applications. To improve the existing technology of the Li-ion batteries, researches are
being carried out so that the goal can be reached closer.
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Similar to other electrochemical cells, li-ion batteries are comprised of one or more cells.
Each cell has three components: negative electrode (connected to the battery negative and
typically made of carbon), positive electrode (connected to the battery positive and
typically made from the transition metal oxide compounds), electrolyte (lithium organic
salts) in between them, and separator (used for the creation of a barrier for electrons
between the two electrodes). The separator was used to prevent the battery from shortcircuiting while allowing electrical charge to flow freely between them [2].
The li-ions generated at negative electrode move through the electrolyte to the positive
electrode during discharge process. Lithium based positive electrode withdraws some of
its li-ions, which move through the electrolyte to reach to the negative electrode and remain
there. The energy is stored in the battery during charge process. The oxidation and
reduction reaction occurs during this charging and discharging process [3].
In both the cases, the flow of electrons occurs from the external circuit in the opposite
direction. Electrons cannot flow from the separator as they are insulation barrier, where the
ions can travel through it from the diffusion process.
Li-ion batteries have to be regulated during the charging and discharging process; so they
have built in electronic controllers which prevent the overheating and overcharging which
can cause li-ion batteries to explode in some unfamiliar situations [2].
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Figure 1.2: Ion flow in lithium ion battery [4]

The energy density and voltage vary accordingly for the Li-ion battery according to the
positive and negative electrode materials used. The typical specific energy density for the
Li-ion battery is between 100 to 250 W·h/kg [4], volumetric energy density is between 250
to 620 W·h/l [5] and specific power density is between 300 to 1500 W/kg (at 20 seconds
and 285 W·h/l). The open circuit potential of Li-ion battery is higher than other batteries
as lead acid, nickel-metal hydride and nickel-cadmium [6]. Internal resistance increases
with cycling as well as with age, causing the terminal voltage to drop reducing the amount
of current a load can draw from the battery. Ultimately increased resistance signifies that
the battery can no longer operate meeting its performance specification. Li-ion battery has
flat discharge profile in a higher voltage range unlike Lead Acid battery and Ni-Cd battery,
which makes suitable for many applications which is clearly shown in the graph below [7].
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Figure 1.3: Discharge behavior of different kind of batteries.

The non-metallic li-ion battery had solved the problem of lithium metal batteries from the
potential of thermal runway. In thermal runaway, the temperature quickly rises to melting
point of lithium causing violent reaction and comes from the characteristic instabilities of
lithium metal, during charging. Although this comes in the expense of low energy density,
the li-ion system can be considered safe, if definite precautions are fulfilled during charging
and discharging. To fulfill the requirements such as long battery time, high energy density
and compactable size, manufacturers tends to pack more active materials, make thin
separator, and thin electrodes [8]. This causes the many safety issues in the battery. The
flammable electrolyte, dendritic lithium growth, operating in higher temperature, freezing
temperature charging, overcharging are the serious issues of safety in Li-ion battery [9].
There are other processes causing short-circuit in the battery internally or externally which
generate high amount of heat inside the cell, ignite the electrolyte, or rapidly increase its
vapor pressure until the cell explodes. Overcharging a battery or exposing it to greater
voltage can push the cathode to an unsafe oxidizing state, producing heat and reactive gases
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such as hydrocarbons which can destroy the battery violently. At elevated temperature, the
polymer starts to melt and plug the pores of polypropylene (separator). This process hinders
Li-ion diffusion and shuts down the cell. In cold temperature, although it seems charging
normally, coating of metallic lithium occurs on the anode which is stable and very difficult
to remove. This process if carried out frequently will compromise the safety of the battery
pack. There is blatant use of the protection circuits for Li-ion system, the manufacturer
performs electrical tests, internal short circuit tests, mechanical tests, environmental tests
and additional specialized tests to ensure the battery safety [10].
Ageing is the degradation which cause loss in battery performance with time. The
understanding of the aging process is complicated as the loss of active material, increment
in cell impedance and capacity fading, can be the results from numerous underlying
processes inside the cell [11], [12]. Moreover, this process is specific on battery chemistry
and was found out to be dependent on temperature. Although, there are major factors
contributing to the ageing, capacity fade and self-discharge of the battery, the formation of
solid-electrolyte interface (SEI layer) and the loss of active electrode material has the
majority of the contribution [13]. In the high voltage operation, the dominant fading
mechanism is formation of solid-electrolyte interface growth as electrolyte decomposes at
the anode during recharging (V>0.8V) [14].
SEI layer develops at the negative electrode because majority of electrolytes are unstable
at the operating potential of anode during charging. A layer is formed on the surface of the
active material (S) due to the different byproducts formed from the side reaction. These
undesired byproducts P in equation 1.1 [15] block the pores in the active SEI layer which
increases the thickness, creating a passive SEI layer. This will lead to increment of the
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resistance of battery that decreases the rate of intercalation/de-intercalation. This
decrement in rate has adverse effect on the capacity of the battery [14].

S  2Li   2e  P ……….. (1.1)
Mathematical models are most widely used and accurate models for Li-ion batteries. There
are numerous mathematical model based on the requirement which vary in terms of
complexity, computational time, prediction capability. The various mathematical models
are shown in the Figure 1.4 to show the computational time and predictability [16]. If we
include complete physicochemical processes in a model the accuracy is high but it comes
at the cost of increased computational complexity and requirements. Hence, still many
people continue to apply simplified battery models appropriate for their needs of the
application. The mathematical model can again be categorized into sub categories as:
empirical models, electrochemical models, Multiphysics models, and molecular or
atomistic models.

Figure 1.4: Mathematical models showing computational time and predictability accuracy [16].
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Kinetic Monte Carlo methods are used to study the uncertainty of the system based on
repeated random sampling. It is a computer simulation process and statistical and
probabilistic approach, which is intended to simulate time progression of events occurring
in nature and are employed if partial differential equations are too complex and results are
more difficult to determine. Observing the nature of the four processes at the interface of
the battery, this approach will be appropriate.
Solid-state li-ion batteries where liquid electrolyte is replaced with the solid material has
been many researcher’s interest nowadays due to the safety and less capacity degradation.
The solid-state batteries are relatively safer and are designed to reduce the chances of
overheating or catching fire and thermal runaway. This is because the formation of
dendrites and creating short circuits is prevented by solid electrolyte and also it eliminates
the use of binders and separators [17]. The performance would be enhanced due to
possibility of higher voltage and much longer cycle life can be obtained due to the
negligible growth of the passive SEI layer. In addition, easy construction of thin film,
avoiding the problem of electrolyte leakage, exhibiting a high power-to-weight ratio and,
having multiple times the energy density of current automotive batteries makes them be
ideal for use in the electric vehicles [18].However, there is concern because the power
density is limited by the poor conductance of solid electrolyte materials (in several orders
less than liquid electrolyte), costlier fabrication process and poor low temperature
operation.
The most common solid-state electrolyte is LIPON (Lithium Phosphorous oxy-nitrate), an
amorphous glass manufactured at Oak Ridge National Labs. It is prepared by RF
Magnetron deposition from Li3PO4 with the target in Nitrogen gas to increases the
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conductivity relative to Li3PO4 to 2 x 10-6 S/cm. Although there are several others common
electrolytes like Lithium nitride (Li3N), lithium phosphate (Li3PO4), lithium superionic
conductors (LISICON) (Li4GeO4 and Li10GeP2S12), garnet structure (Li5La3Ta2O12) etc.
[19] and numerous ongoing research to improve the conductivity beyond (10-4 S/cm) [20].
For the fabrication of conventional Solid-State Batteries, the vacuum deposition process is
done for all layers. The cathode is usually the same as for liquid electrolyte batteries like
lithium transition metal oxides like (LiCoO2, LiMn2O4, and V2O5) deposited on cathode
current collector. The LIPON glass electrolyte is deposited with the chemical vapor
deposition (CVD) or physical vapor deposition (PVD) techniques. The Li metal anode
material is connected to anode current collector (Copper) shown as in Figure 1.5. The
capacity of solid-state cell is very low (range of 1mAh to 10mAh). COMSOL Multiphysics
provide the electrochemical model for the solid-state battery considering all the transport
equations and boundary conditions occurring at the solid electrode-electrolyte interface.

Figure 1.5: Conventional Solid-State Batteries [19]
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1.2

Previous Works

1.2.1

Li-ion Battery Model

In the past, the widespread practice of making model to produce accurate enough prediction
to address the objectives came from the experimental data. The simple mathematical tools
as interpolation, extrapolation and fitting were used to study the performance and behavior
of the battery. These models were made without any consideration of the physio-chemical
behavior occurring inside the cell. The functions like trigonometric, exponential,
polynomial, power law logarithmic were used for the empirical model. Although these
fitting provided fast calculation of the results, the limitation of this model is reliance on the
historical data and low prediction accuracy if any of the parameters changes. The other
model first proposed by Hageman [21] is electric circuit model, which was developed using
basic electrical circuits as resistors and capacitors. In this model, the capacity is represented
by capacitor and charging and discharging time is given by RC time constant. Although
very simpler and easier to use, the low accuracy and reliance on the experimental data is
always the concern. Kinetic battery model [22] uses the chemical kinetics as its basic
principle. The two electrodes are modeled as two wells and the charge flow rate depends
on the height of two wells. This simple consideration could not take the accountability of
all the parameters inside the Li-ion battery. The model constructed using analytical and
stochastic approaches describes the battery in abstract manner. The stochastic approach
was done by considering the charging and the discharging process as stochastic process,
which is the probabilistic function. Similarly, analytical models described the system using
very few equations coupled together to predict the internal dynamics. However, the
accuracy was very low for both models. Then, the electro-chemical model, also known as
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mathematical model developed by Doyle, Fuller and Newman [23] was based on the
chemical and physical process occurring inside the battery explaining battery process in
details using detail mathematical equations. It coupled electrochemical equations for
electronic conduction, mass transfer, energy balance and electro-chemical balance which
describes the behavior of the battery perfectly so this model was implemented to the
capacity fade model to study the performance over different cycles.
1.2.2

Capacity Fade Model

Generally, the models for the capacity fading and the ageing of the battery were explained
from the viewpoint of the experimental data. They were either empirical or semi-empirical
model which intensely depend on numerous parameter fit to experimental data [24], [25].
However, they had limited predictability. Models [26] had been developed discussing
about the hybrid estimation algorithm to analyze the capacity fade were based on the
consideration that parameters drift slowly between the cycles, but they ignored the
limitations of the electrolyte phase. Important model based on mathematical equations
implemented in Modellica software had been developed to predict the battery’s lifetime
and design and testing of battery management system [26]. The detail mathematical model
based on solvent diffusion process has justified that the growth of SEI layer thickness
increases with the square root of time [27]. A capacity fade semi-empirical model was
presented by Ramadass et al. considering the parameters such as the state of charge (SOC),
solid-phase diffusion coefficient, and SEI layer resistance as a function of cycle number.
The fade in capacity was expected by considering the active material loss which came from
the state of charge (SOC) of the limiting electrodes [28]. Their another capacity fade model
[29] for lithium-ion batteries is described through the help of side reactions in the lithium-
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ion intercalation model and is assumed that the loss of the active materials during
continuous cycling was due to a continuous passive SEI layer film formation on the surface
of the anode which becomes stable and the resistance increases. However, the formation
of passivated SEI is believed to be random yet probabilistic nature and the accuracy of the
above model is questioned. The Kinetic Monte Carlo approach simulation for the Li-ion
battery has been performed using multiple grid size driven by four processes where the
rate and processes are modeled using Kinetic Monte Carlo method [15]. This process is
expanded to study the effect to internal cell resistance, discharge and charge profile at
different rates and different cycles and the State of Health (SOH) of the battery.
1.2.3

Solid-State Battery Model

As most of the battery model has been based on the dynamics of the liquid electrolyte and
the transport of Li+ ions through the electrolyte, there has been very few attempts to model
for the solid-state battery as the development of solid-state battery is in early phase. The
model from Danilov [30] includes the reaction for charge transfer kinetics at the
electrode/electrolyte interface, diffusion of lithium ions in the intercalation electrodes, and
diffusion and migration of ions in the electrolyte. These processes can be coupled and can
be modeled for all solid-state batteries. The COMSOL Multiphysics provide the model for
the solid-state battery based on the LIPON battery. This model can be modified according
to meet our design and parameter consideration.
1.3

Motivations
i)

Need of accurate model for Solid-Electrolyte Interface (SEI) layer and
resistance growth in Li-ion batteries to study capacity fade based on the Monte
Carlo approach by simulating the major dynamical processes.
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ii)

The development of solid-state Lithium ion battery (LIPON) model to study the
battery performance in different operating conditions.

1.4

Objectives

The objectives of this work were to develop an accurate model based on the analytical
approach to track the growth of solid-electrolyte interface layer and its relation to the
capacity fade for studying state of health (SOH) and capacity fade of the Li-ion battery. To
achieve these objectives, following tasks were performed:
1. Development of the one dimensional electro-chemical model.
a. Couple the equations for mass, energy, charge and electro-chemical balance.
b. Use finite volume method to solve differential equations.
2. Development of the capacity fade model.
a. Use the kinetic Monte Carlo approach to simulate different process rate.
b. Study the thickness of SEI layer and calculate resistance on increasing cycles.
c. Couple to one dimensional model to study performance characteristics
3. Experimental validation of the model.
a. Fabricate the Li-ion cells of equivalent parameters.
b. Analyze the data.
4. Development of the solid-state Li-ion battery model.
a. Use of the COMSOL Library Model for LIPON battery.
b. Study concentration and discharge profile under different discharge rates.
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Chapter 2: Theory
2.1

Electrochemical cell

Electrochemical cells are the devices capable of either facilitating chemical reactions
through the electrical energy or generating electrical energy from chemical reactions i.e.
oxidation and reduction reactions [31]. The 1.5V electrochemical cell available for routine
use is one type of electro-chemical cell. Common batteries consist of one or more voltaic
cells or galvanic cells, which generate an electric current [32]. The voltaic cell with Zinc
and copper as the electrode and copper-sulphate as the electrolyte is shown in Figure 2.1.

Figure 2.1: Electrochemical cell (voltaic) with Cu and Zn as electrodes [32]

2.1.1

Li-ion battery

Li-ion batteries are the class of rechargeable batteries in which lithium ions move from the
positive electrode to the negative electrode during charging and back when discharging.
They use an intercalated lithium compound as one electrode material, and the electrolyte
allowing for ionic movement, and the other electrode for oxidation and reduction reaction
to occur. Mostly used Li-ion battery are based on lithium cobalt oxide (LiCoO2), Lithium
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iron phosphate (LiFePO4), lithium ion manganese oxide battery (LiMn2O4, Li2MnO3,
or LMO) and lithium nickel manganese cobalt oxide (LiNiMnCoO2 or NMC) [33] .

Figure 2.2: Lithium ion battery [34]

2.1.2

Working mechanisms

Like any other batteries, Li-ion batteries are comprised of cells, each of which has three
constituents: positive electrode (connected to the battery positive or + terminal), negative
electrode (connected to the battery negative or - terminal), and an electrolyte facilitating
Li-ions transport between them. The positive electrode typically is a transition metal oxide
compounds like lithium cobalt oxide (LiCoO2) or lithium iron phosphate (LiFePO4). The
negative electrode is generally a carbon (graphite) and the electrolytes are the Lithium
organic salts which can be different for battery types. A separator is used for the creation
of a barrier between the two electrodes, to prevent them electrodes from short-circuiting
while allowing electrical charge to flow freely between them [34]. During the discharge
process, the lithium ions generated at negative electrode move to the positive electrode
across the electrolyte, producing the energy. They recombine with the electrons that flow
through the external circuit to form the metal oxide [35]. Similarly, during the charging
process, lithium based positive electrode withdraws the lithium ions, which move across
the electrolyte to reach to the negative electrode. The ions remain there and the energy is
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stored in the battery. The reactions occurring at the two electrodes’ surface under normal
operating conditions can be summarized and depicted as [3]:


6C  xLi  xe
Negative Electrode: LixC6 
Disch arg ing



(1a)

6C  xLi   xe 
 LixC6
Ch arg ing

(1b)

Positive Electrode: Li1 x Mn2O4  xLi   xe 
LiMn2O4
Disch arg ing

(2a)

LiMn2O4 
 Li1 x Mn2O4  xLi   xe
Ch arg ing

(2b)

Figure 2.3: Operation of a Li-ion battery during discharging and charging

In both charging and discharging, the flow of electrons is in the reverse direction to the
ions around the outer circuits. The electrons cannot flow from the separator as they are
insulation barrier, where the ions can travel through it from the diffusion process. The
movement of ions through the electrolyte and movement of electrons through the external
circuit are interconnected processes. So, if any one of them stops then the other
automatically stops and the power is lost [36]. Unlike other batteries Li-ion batteries must
be regulated during the charging and discharging, so they have built in electronic
controllers to avoid the overcharging and overheating which can cause the batteries to
explode in unusual circumstances [2].
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2.1.3

Performance

Even the energy density of Li-ion batteries is higher than the counterparts, there is much
more potential for obtaining higher energy densities. The other advantage is that because
of high voltage of 3.6V battery pack design can be made with only one cell. It is type of
battery requiring minimal maintenance, very low self-discharge and no memory and no
programmed cycling is required to lengthen the battery's life. Although high manufacturing
cost make this type of battery expensive but has been reducing every year. In terms of cost,
the price per energy capacity of Li-ion batteries has dropped ten-times in a single decade,
from 3.33$ per Wh to over 0.33$ per Wh [37]. These batteries can also be integrated with
energy harvesting devices for enhanced performance [38].The performance of Li-ion
batteries with respect to its advantages and disadvantage are summarized in the Table 1.
Table 1: Advantages and disadvantages of Lithium ion battery

S.N.

Advantages

Disadvantages

1.

High energy density.

Needs protection circuit.

2.

Does not need prolonged priming.

Subject to aging in lower temperature.

3.

Relatively low self-discharge.

Transportation restrictions.

4.

Minimal Maintenance.

Expensive to manufacture.

5.

Can provide very high current to Not fully matured.
applications.
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2.1.4

Fabrication

For the fabrication of Li-ion cell, the following phases as shown in Figure 2.4 are involved.
First, the electrode on the suitable current collector is prepared of the suitable width and
the electrode roll is formed. On the stacking process, the anodes, cathodes, and separators
are cut to a prescribed length. The components are alternately stacked using fully desired
equipment. Then the electrolyte injection and sealing process is carried out where the
electrolytic solution is poured into the cell, which should be sealed. The battery capacity,
voltage, discharge characteristics, and other properties are measured. The suitable
inspection of necessary items for various points is automatically conducted on every cell.
Then the module is assembled to get the batteries pack of desired voltage.
Electrode, electrolyte
preparation and Casing

Stacking

Components

Measurement of
required properties

Inspection and
Sorting Cells

Clamping/ Joining

Battery Module

Figure 2.4: Process of fabrication of Lithium ion batteries
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2.2
2.2.1

Battery Dynamics
Charge Balance

The balanced of charge inside the Li-ion battery is best described by the point form of
Ohm’s law. The electron movement arise from the drift motion of charges in linear media.
Representing solid particles as a lot of tiny volume and considering one of the volume,
where the material properties are homogeneous, the volume has closed boundary surface
S then net current i[A] into the region is:

i   .

(2.1)

Representing in closed interval form, we get as:

i    i.ndS and i  dQ

(2.2)

dt

s

The charge density reaches an equilibrium state relatively quickly and can be treated as
constant over time scale .i  .(. )  

d v
d
. We know v  0 .
dt
dt

So, we get as .i  .(. )  0

(2.3)

The above expression is the point form of Ohm’s law and suggest the conservation of
charges. Applying Kirchhoff's law, we know that the net current densities on solid electrode
and liquid electrolyte is 0. So, we get the relation as:

t ( K1eff  x2 )  j  0
  eff

.  i
 Li



c2 
2 RT
 ln f 

[1 
  Sa ,i jloc Li
 2 
 (1  t )
F
 ln c2 
c2 



(2.4)

where the symbols have the regular meaning.
The liquid junction potential is dependent on the mean molar activity coefficient,
transference number as:

19

K junc 

2 RT
F

  ln f 
2 RT

1 
 (1  t ) 
F
  ln c2 

(2.5)

As no electrolyte is present at boundary x=0 and x=L, the potential is taken to be zero and
assumed to be continuous throughout the separator. So, the boundary conditions are as:

2
x
2.2.2


x 0

2
x

0
x  Ln  Ls  L p

Mass Balance

The mass balance is described by Fick’s law which forecasts how diffusion cause the
concentration to vary with time and distance. It gives the conservation and diffusion of Liion particle. It is defined as:

C
 2C
 D. 2 where concentration C is the function of x & t.
t
x
For the electrode case:

y 2 Ri

dc1,i
dt




  2 D1,i 
c1,i    0

y
y 
Ri y


(2.6)

(2.7)

In the above equation, y is variable set as r/Ri (particle radius) and has the value y=0 at
center and y=1 at surface.
For the electrolyte case, we should consider the flux of Li-ions away from the surface, Sa,i
(Surface area of electrode per unit volume), t+ (transference number: fraction of total
current carried by electrolyte by the given ion and arises from the difference in mobility).
So, in electrolyte phase the mass balance of Li-ion is described as:

 2,i

S j
dc2
 .  D2eff c2   a ,i loc,i (1  t )
(2.8)
dt
F
where ε2,i is the active volume fraction.
Sa,i specific surface area

Again, as no electrolyte is present at boundary x=0 and x=L, the flux of liquid species is
taken to be zero and throughout the separator it is assumed to be continuous.
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2.2.3

Electrochemical Balance

For the electro-chemical balance, we need to use the Bulter-Volmer equation. This is one
of the most fundamental relationships used in electrochemical kinetics, and describes how
the electrical current flowing on an electrode depends on the electrode potential. If we
consider that both the anodic and cathodic reactions occur on the same electrode and the
net rate of the overall reaction is equal to the difference between the rate of the forward
reaction and the rate of the backward reaction. So, the equation becomes:
  F 
  F 


R
R
j  j0 exp  a i  SEI jLi   exp  c i  SEI jLi 
s
s
 RT 


  RT 

(2.9)

Considering the resistance due to film formation at the solid-electrolyte interface RSEI to
be negligible, the equation becomes:
   F 
   F 
j  j0 exp  a i   exp  c i 
 RT 
  RT 

(2.10)

In the above equation j is the total current due to net reaction. The first term on the right
represent the exchange current density due to cathodic reaction and the second term on the
right represent the exchange current density due to anodic reaction.
2.2.4

Energy Balance

In Li-ion battery, the dominant medium of heat transfer is conduction. So, assuming that
conduction is the only mode of heat transfer, the conservation of energy is given by
.

(  c pT )  .(k eff T )  q … (2.11)
t

where the first term gives the heat transfer per unit volume,
ρ is the average density over all phases,
cp is the average specific heat capacity over all phases,
keff is the average thermal conductivity over all phases,
ɋ is the volumetric heat generation rate within the battery.
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The volumetric heat generation rate is a net result of three effects:
i)

Joule heating: The activation polarization irreversible heat due to the electrochemical reaction between electrolyte and the active material particle surface.

ii)

Irreversible heat generation: It is the heat developed from ohmic potential drop.

iii)

Reversible heat generation: Heat from entropy change during charge-discharge.

2.3
2.3.1

Battery Models
Electrochemical Models

This model is based on the work of Doyle, Fuller and Newman [23] where the entire battery
processes are described in great details with much accuracy by the system of six coupled
non-linear differential equations. The output such as voltage and current, the potentials in
the electrolyte and electrode phases, reaction rate, salt concentration and current density in
the electrolyte as functions of time and position in the cell can be obtained. This can be
done by solving those equations simultaneously with the respected boundary conditions.
Besides the load proﬁle, the input to the model will be more than fifty related battery
parameters as the thickness of the electrodes, separator, the initial and maximum salt
concentration in the electrolyte and the overall heat capacity set by user. All these
parameters used in the modeling can increase the accuracy of model and is often used to
validate against the experimental results. However, with the accuracy of the program the
computational cost is also high. So, due to its accuracy, we have focus our interest to model
the solid-state battery using the electro-chemical method.
2.3.2

Electrical Circuits Models

This model is developed using the basic circuits (using resistors and capacitors) to model
the arbitrary cell where minor change must be made to complete the model of the specific
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type. The electric circuit of Li-ion battery is shown in the Figure 2.5. Here, the circuit
model is the second order equivalent model where R0 is the internal resistance of the battery
and contributes to the ageing of the battery and R and C parallel circuit represent the
performance characteristics for both anode and cathode material [39]. The models are much
simpler than the above described electrochemical models but also it takes effort to design
the electric components and circuit in the model. The accuracy of this model is also very
low and also rely on the experimental data.

Figure 2.5: Second order equivalent circuit model for Li-ion battery

2.3.3

Analytical Models

This model describes the battery in more abstract level. Only few equations are used to
model the major property inside the battery which makes relatively simpler than the above.
Some of the analytical models are model based on Peukert’s law, model by Rakhmatov
and Vrudhula, and kinetic battery model [40]. The accuracy has always been matter of
concern. There is another abstract model as stochastic model where the stochastic processes
describes the charging and discharging process.
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2.3.4

Stochastic Models

The aim of stochastic models is also to describe the battery behavior in an abstract manner.
However, the difference to analytical model is that the charging and discharging processes
are described as stochastic processes and are probabilistic function. The approaches to
model batteries using stochastic approaches were first developed by Chiasserini and Rao
in 1999. The models based on the discrete-time Markov chains method were developed
where the simplest model describe the battery as discrete time Markov chain with N + 1
states (numbered from 0 to N) as shown in Figure 2.6 below [41],[42]. Here, the number
of charge present inside the battery is corresponded with the state number and the amount
of charge units available for use is N. For every time occurrence of step either a charge unit
is recovered with probability a1 = q or the unit of charge is consumed with probability a0 =
1 - q. So, with the numerous steps performed on this probability function the battery is
considered fully discharged when the 0 state is reached. Similarly, the battery is considered
full when T charge unit such that (T>N) is stored inside the battery [41].

Figure 2.6: The extended Markov chain battery model by Chiasserini and Rao [42]

2.4

Capacity Fade and Ageing Mechanism

The performance of the Li-ion cell is directly dependent on the different materials
properties and their change with time for the anode, cathode, electrolyte, separator of the
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Li-ion battery [43], [44]. During battery operation, these components suffers degradation
which adversely affects the delivery of energy in Li-ion batteries. Inside them, different
aging mechanisms occurs such as; the anode undergoes a multitude of aging mechanisms,
the binder and electrolyte decompose, the separator melts and corrodes, the current
collector corrodes, the cathode undergoes structural disorder and metal dissolution [45].
Among them, the anode aging mechanisms has the majority contribution to degradation of
the electrochemical performance of the Li-ion battery. Some of the aging mechanisms
taking place at anode of Li-ion batteries are explained as [13]:
2.4.1

Formation of Passivated Surface Layer

Since 1997, there has been practice using graphite as the anode material in order to attain
a flatter discharge curve for most of the Li-ion batteries [46]. The use of organic
electrolytes, such as LiPF6, with co-solvents like ethylene carbonate (EC), dimethyl
carbonate (DMC), diethyl carbonate (DEC), methyl ethyl carbonate (EMC)) makes the
anode material to react with anode. These reactions form the material as ROCO2Li and
CO2OLi, on the anode surface which further react to form passive compounds like
DMDOHC, EMDOHC and DECDOHC [13], [47] referred as solid-electrolyte interphase
(SEI) layer. These products deposits on surface and slows the intercalation kinetics of the
anode [47] and grows in thickness as the cycle continues and the capacity fade with
increasing cycle. In addition, expansion of graphite during insertion and de-insertion of Liions cause cracks and isolate from current collector making battery non-operational [48].
2.4.2

Anode Impedance

When the passive SEI layer thickness increases, it is obvious that the impedance of the
battery increases as well resulting to the increment in the charge transfer resistance [49].
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The increment is more pronounced with higher charge rate, higher temperature, higher
anode particle size, and higher cycle number [50]. This accumulation of thickness affects
the intercalation and de-intercalation kinetics of the anode, which results in increment of
anode impedance relative to the cathode [50], [51].
2.4.3

Loss of Recyclable Lithium Ions

When there is the formation of solid-electrolyte interphase (SEI) layer, some of the lithium
ions are consumed and this rate increases as the thickness of the SEI layer increases. This
consumption of recyclable lithium ions at the anode is a major cause for lowering the
lithium ion batteries reversible capacity[52]. As the thickness of the layer grows, the
transfer of Li+ ions are inhibited. The lithium ions are consumed in the reaction which is
the key degradation mechanism for the fully charged batteries at storage conditions [53],
[54]. In this case, the electronically insulating surface layer formed can clog the pores and
result in isolation of graphite particles. This loss of recyclable lithium ions is the function
of the graphite particles specific area, since an increase in active area increases the volume
of reaction products and the formation of SEI [55].
2.4.4

Degradation Due to Structural Changes

During cycling of the lithium ion batteries at high state of charge (SOC) and high C-rate,
the strain on the graphite lattice structure of the anode electrode are induced which changes
the lattice parameter, in the particle. During the insertion and de-insertion of the Li-ions,
the cracks, fissures and splits in the graphite particles appears due to the mechanical strain
[56]. This will cause the particle less oriented and change in nature as compared to the
original platelets which largely influences the reversible capacity of the battery with
increased ohmic resistance in anode. It is blatant that less-oriented graphite particles have
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a low reversible capacity because of the difficulty in lithium intercalation kinetics.
Moreover, with the formation of new boundaries among the crystals, the chances for
irreversible lithium ions/electrolyte occurring is high [57].
2.4.5

Lithium Plating on the Anode

Although the Li- metal batteries have high specific energy and low weight, they have been
superseded by the Lithium ions batteries because of the safety issues the metallic Lithium
poses with the formation of dendrites and shorting out the battery. Nowadays, the most
common anode materials are graphite, coke, hard carbon and lithium titanate however the
formation of dendrites are not completely mitigated. There are numerous factors initiating
lithium dendrites formation on the anode electrode surface. Some of these include: content
of EC in the electrolyte, the relativity of anode and cathode capacities, low operating
temperature and the high charge rate [57] [58]. The deposition of metallic Lithium is
affected by the orientation of the particles inside the crystal structure at anode and the nonuniformity in the current distribution. The depositions are random in pattern resulting in
the formation of moss-like structure and dendrites [59]. Dendrites cause the separator to
separate and become isolated from the electrolyte reducing the capacity of battery. They
can also pierce through the separator resulting to the short circuit, thermal runway and
explosion in the battery. The effect of Lithium plating is the decrease in nominal voltage
during the discharge profile making the columbic efficiency to drop significantly [60].
2.5
2.5.1

Monte Carlo Simulation
Introduction

Monte Carlo simulation is the technique of using random sampling and statistical modeling
to estimate mathematical functions and simulate the process and operations of complex
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systems. This simulation approach always involves an element of randomness, generally
at multiple points in the model [61]. Monte Carlo simulation can be often related to random
experiments, the experiments for which the final result or outcome is not known in
advance. In this context, this simulation technique can be considered as a methodical way
of doing so-called what-if analysis. They are generally implemented to solve the output of
the model, in which no detail physical and mathematical formulation has been made.
2.5.2

Advantages

Monte Carlo is useful to study the uncertainty of the system based on repeated
random sampling. It is a computer simulation process, which is intended to simulate time
evolution of events and processes occurring in nature [62]. They are statistical and
probabilistic approach, which are employed if partial differential equations are too complex
and results are more difficult to determine and Monte Carlo methods are very good for:


Investigating complex aggregation from simple actions.



Including uncertainty to analysis.



Exploring unintuitive results.



Simplification of the intricate systems.

2.5.3

Types

Based on the usefulness and the nature of application, there are several types of Monte
Carlo methods. The different types of methods described are simple Monte Carlo, Multiple
Stage Monte Carlo, Mixture Modeling Monte Carlo, Markov Chain Monte Carlo and
Kinetic Monte Carlo. Simple Monte Carlo has direct and simple relationship between the
states. The output states have the respective probability of occurring from the given input
state. If the simple Monte Carlo model has been expanded to the n stage then we get
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Multiple Stage Monte Carlo. Another form of Monte Carlo is mixture modeling i.e. instead
of having linear or direct relationship, the probabilities themselves are probabilistic.

Kinetic Monte Carlo

Figure 2.7: Types and block diagram for Monte Carlo Simulation techniques

With mixture modeling the probabilities are non-linear i.e. they have some indirect form
into transitioning. Markov chain is the most sophisticated kind of Monte Carlo, where
interaction is hard to see due to non-linearity. In this case, every realization influences the
future realization of the model. The other class is Kinetic Monte Carlo which uses transition
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rates for different process with time increment, relating to the microscopic kinetics and
processes of the system. All the Monte Carlo methods are described in the Figure 2.7.
2.5.4

Implementation

Kinetic Monte Carlo method has been implemented because it can simulate time evolution
of processes occurring in nature. KMC use transition rates depending on the states, with
time increments formulated which can relate to the microscopic detail of the system. In the
solid interphase layer of the battery, there are four processes like adsorption (intercalation
of Li ions on anode surface during charging mode), desorption (liberation of Li from the
electrode particle), diffusion (diffusion of Li ions through the electrolyte) and passivation
(Accumulation of side products on the interface and block the path of diffusion) taking
place with their respective rates, so the KMC can be applied [15].
2.6

Solid-State Battery

The most recent emerging research field in Li-ion battery is solid-state battery, where these
batteries replace the liquid electrolyte with the solid material and eliminates the use of
separators and binders in some cases [18]. They are assumed to be superior to liquid
counterparts’ due to the enhance safety (do not overheat or catch fire). This is due to the
fact that solid electrolyte prevents dendrites from creating short circuits [20]. LIPON
battery is the most common Solid-state electrolyte is which are prepared by RF Magnetron
deposition from Li3PO4 with the target in Nitrogen gas increasing the conductivity to 2 x
10-6 S/cm at Oak Ridge’s Lab. For the fabrication of Conventional Solid-State Batteries,
the vacuum deposition process as Chemical vapor deposition (CVD) and physical vapor
deposition (PVD) is done for all layers. There are several solid-state batteries reported
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however they have been incompetent with current liquid electrolyte Li-ion battery due to
very low ionic conductivity.
2.6.1

Working Mechanism

The general working mechanism is same as the liquid electrolyte Li-ion batteries in the
sense that during the charging process, when voltage is supplied from external source, the
Li-ions moves from Cathode to anode and the energy is stored there. During discharging
process, the stored energy in terms of Li-ions is moved back to cathode and the electrons
travel through the external circuit delivering the current. However, the transport of Li-ions
differs in these cases. In solid electrolyte batteries, the diffusion of Li-ions in a crystalline
solid need to pass through an energy barrier (migration or motional energy (Em)) along the
minimum energy pathway. Em plays a critical role for ionic conductivity, which is
dependent on number of interstitials, vacancies, occupancy on lattice sites, ionic energy
gap. The Lithium ion mobility μ, can be related as:  

D is further related by Arrhenius equation as: D  D0e



D
where the diffusion coefficient
k BT
Ea
k BT

[63]. Here, T is the temperature

and kB is the Boltzmann constant. The transference number of the solid electrolyte is close
to unity (0.2-0.5 in liquid electrolyte case) making solid electrolyte comparatively smaller.
However, the ionic conductivity of solid-state electrolyte is very low compared to liquid
electrolyte and must be made very thinner (in tens of nanometer) to support the migration
of Li+ ions.
2.6.2

Advantages and Challenges

Solid electrolytes possess numerous advantages over liquid electrolytes like excellent
chemical and physical stability, excellent shelf life, they are non-flammable and non-
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conducive to thermal runaway. These features will enable them for routine use as well as
for large scale applications. Additionally, batteries employing solid electrolyte do not
require protection circuit. The safety requirement for the solid-state battery is very low
which eliminate the need of extra safety layers and devices, allowing the high overall
energy density. In addition, only lithium ions are mobile in solid electrolytes, which
reduces the number of undesirable side reactions forming passive SEI layer and
decomposition of the electrolytes that can result in capacity fading or safety issues [64].
But the challenge is that current solid-state electrolytes cannot perform comparably with
liquid electrolytes due to lower conductivity and poor contact area. Moreover, the high
fabrication cost, prone to mechanical stress and cracking makes this topic to be still the
subject for research rather than commercial production.
2.6.3

Modeling

For battery modeling the electrochemical model describing all the physical process inside
the battery is more accurate than other models. The electrochemical reactions occurring at
the interface between the electrode and the electrolyte for the solid-state batteries should
be considered. During charging, oxidation occurs at the positive electrode’s surface and
the Li+ ions are liberated. These generated lithium ions travel to the negative electrode.
During discharging, the reverse occurs i.e. reduction reactions occurs at the positive
electrode’s surface which consume the lithium ions. The model built by COMSOL [65]
calculates the tertiary current distribution considering lithium ions mass transport, which
was used to calculate current voltage relationship. The diffusion and migrations of ions are
described by Nernst-Planck equations. The diffusion of intercalated Li-ions described by
Fick’s’ law and the electrode reaction at the interface was described by Butler-Volmer
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kinetics and the negative electrode (solid lithium) was not included because it is highly
conductive compared to other materials.
2.7
2.7.1

Performance Analysis
State of Charge (SOC)

The SOC is defined as the ratio of available capacity to the rated capacity and is generally
expressed in percentage. This can be taken as the analogy to the “Fuel gauge” function in
the fuel tank of the car. To study the SOC is very important in case of Li-ion batteries
because of their unsafe cell chemistries and are important to battery management systems
to keep the battery within a safe operating window and to increase the cycle life of battery.
One of the major aspects of SOC to have control over the SOC and have good
predicting/calculation technique. Furthermore, in the application where large Li-ion
batteries are used like automotive applications, there is the requirement of very accurate
control of the SOC for proficient and safe organization of the energy flows.
There are several methods for estimation for the state of charge of a battery, measuring
some convenient parameter which varies with the number of remaining deliverable charge
and are specific to cell chemistries. Some of them are direct measurement, voltage based
SOC estimation, SOC estimation from specific gravity (SG) measurements, current based
SOC estimation, and SOC estimation from internal impedance measurements [261a].
For a Li-ion battery, the most common SOC prediction technique during the discharge
process is Coulomb counting, which can be defined as follows [66]:

SOCt  SOC0 

1 t
idt
C 0

where SOC0 is the initial value of SOC,
SOCt is the present value of SOC.
C is the total capacity of the battery.
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t

 idt is the integral of current during the
0

discharge process.

2.7.2

State of Health (SOH)

The State of Health is the measure of ability of the battery to deliver the indicated
performance compared with a new battery taking the account of factors such as charge
acceptance, voltage, internal resistance, and self-discharge. This is a not an absolute
measurement, a relative one which measure the long-term proficiency of the battery. SOH
provide an indication of the expected performance of the battery at present, what fraction
of the useful lifetime of the battery has been used.
The parameters such as cell impedance, conductance or any other (which changes
significantly with age), can be used to predict the SOH of the cell. To use cell impedance
as the parameter for indication of SOH we must keep record of the initial impedance of a
fresh cell. Since the cell capacity fades almost linearly with age or cycle life for Li-ion
battery, the expired cycle life is often used as a rough measure of the SOH.
However, during the battery operations, there are many parameters which change with the
uses and age and have effect on other parameters. So, for such composite measurements
and processing, there is the need of high capacity microprocessor to provide the results. In
addition, Fuzzy Logic, Kalman Filter and other prediction techniques can be used to
associate the experience with the measurements to increase the accuracy of the results [67].
Proprietary equipment or Log book function (based on the estimation of the usage history
of the battery) is available for measuring the SOH.
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Chapter 3: Procedure
In all the model development process, the efforts begin with a developing the simple model
because implementing a detailed multiscale and multi-physics model is very
computationally expensive. After the simple model is developed, to make the model
predictions to be sufficiently accurate, we need to add more physics. After the addition of
multi-physics inside the model, the model should be able to simulate the actual behavior
of the system. To study the usefulness and capability of model, they are to be tested against
the real-time system. For the validation of the model, the experiments are performed
normally to evaluate the model with the aid of descriptions of physicochemical phenomena
whose validity is less well determined. However, in a very complex materials system such
as a Li-ion battery, most of the variables cannot be directly measured within the system.
The data for all the variables are not available in order to make comparison to the equivalent
variables in the model to get the complete verification of the accuracy of mathematical
equations and physicochemical assumptions made during the development of the model.
Mathematical models which implements all the governing equations inside the Li-ion
batteries have the higher reliability of their predictions but the price to be paid is increased
computational requirements for the accurate solving of equations[68]. Although, many
literatures continue to apply simplified battery model depending upon the requirement for
the application and purposes, the accuracy is always a concern. After calculation of the
resistance of the interfacial layer, there was need to input this variable to some model to
study its effect on different output of the Li-ion battery. So, for this need of the application,
the one dimensional electrochemical model based on the energy balance, mass balance,
charge balance, and electrochemical balance was implemented.
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For the calculation of the interfacial resistance, it is necessary to know the thickness of
Solid- Electrolyte interface layer. For this, the model for Solid-Electrolyte Interface layer
dynamics is developed based on the Kinetic Monte Carlo approach. All four major
dynamical processes of adsorption, absorption, diffusion, and passivation are described by
their individual rates. They were determined from chemical and physical properties of
materials used in the battery. Total cycle numbers to be simulated determined the number
of Kinetic Monte Carlo steps. The formation of a passive SEI layer with variable thickness
is simulated based on the mathematical model of SEI dynamics. The 1-D electrochemical
model was developed based on the governing equations for mass balance, charge balance,
electro-chemical balance and energy balance. The update of coverage and the thickness,
the interfacial resistance was calculated for every cycle from the capacity fading model. It
was coupled to above electrochemical model to study discharge profile at several cycles.
Similarly, for the validation, the battery with the similar specification was fabricated and
tested over the various cycles to study the capacity fade and electrochemical impedance
spectroscopy was performed to study the impedance of the battery. The model for solidstate battery was built from COMSOL Multiphysics 4.3a with reference to library model.
3.1

Electrochemical Model Development

The electrochemical model can produce more accurate predictions because it employs the
continuum model which incorporate electrochemical kinetics and transport phenomena.
This method described by Newman can be used to recognize the processes limiting cell
performance and also offers remarkable capabilities for prediction, due to which it has been
applied to several battery technologies [22]. Generally, electrochemical modeling is used
to describe the basic and essential phenomenon occurring inside the cell. This incorporates
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mass, energy, and momentum transport of each species for each phase and component of
the cell. So, the detail mathematical description for the species are discussed below:
3.1.1

Detail Mathematical Descriptions

The different governing differential equations for the charge balance, material balance,
electro-chemical balance and energy balance are considered and connected for the final
overall model of the Li-ion battery. The differential equations describe the description of
the species inside the cell in electrode and the electrolyte state with defined initial and
boundary conditions. The symbols used can be indexed from Table 3.
3.1.1.1 Ohm’s law
The balance of the charge is given by the Ohm’s law in solid electrode state whereas the
Ohm’s law with Kirchhoff’s current rule gives for the liquid stage. For the solid electrode
particle, it is described as
 eff ,i
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where the following considerations are made for boundary conditions,
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And for the boundary conditions, it is assumed that there is no flux at external boundaries
and is taken to be continuous at inner boundaries.
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3.1.1.2 Fick’s law
The differential equation to model the Li-ion diffusion into the solid-state electrode is
described by the Fick’s second law of diffusion. The diffusion plays a significant part
because the mean electric field is created at the electrode’s surface. This gives the overall
picture of material balance inside the battery. The lithium ion is best described as a sphere
so, the lithium ion’s concentration is described by the given differential equation:
c(r ,  ,  , t ) 1   2 c( r ,  ,  , t ) 
 2 r

t
r r 
r
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So, solving for the θ and ϕ, the one-dimensional solid-state diffusion equation becomes:
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(3.3)

where the subscript ‘i’ is for negative and positive
electrode particle respectively.
The equation can be solved assuming that at the center, there is no any flux and on the
surface of the electrode particle, the flux is equal to the production rate of lithium ion due
to electro-chemical reaction. And for the liquid state, it is described as

i
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(3.4)

For solving the above differential equation, the concentration of electrolyte and the flux is
assumed to be continuous and no flux on the external boundaries.
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3.1.1.3 Butler Volmer Kinetics
Butler- Volmer equation is most important relationships in electrochemical kinetics, and
required for electrochemical balance. The local current per active material area is given as
  F 


R
R
  F 
j  j0 exp  a i  SEI jLi   exp  c i  SEI jLi 
s
s


 RT 
  RT 

(3.5)

If resistance due to film formation at solid-electrolyte interface RSEI is negligible, we get as
   F 
   F 
j  j0 exp  a i   exp  c i 
 RT 
  RT 

Here, j0 is the local current density that depends on reaction rate, anodic and cathodic
transfer coefficients, surface concentration, and maximum concentration of Li ion.
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The overpotential of the battery is defined as the potential difference (or voltage measure)
between a theoretical or thermodynamically determined voltage (from calculation). The
actual voltage under operating conditions (from experiment) and is given by:

i  1,i  2,i  U ref ,i

(3.7)

3.1.1.4 Newton’s law of cooling
For the energy balance, with the assumption made that conduction is the only mode of heat
transfer, the governing equation is
.

(  c pT )  .(k eff T )  q
t

(3.8)

which gives the overall heat transferred per unit volume.
The open circuit potential of electrode ‘i' is a temperature-dependent parameter, which can
be approximated using Taylor’s first order expansion around a reference temperature as:
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U i  U ref ,i  (T  Tref )

dU i
dT

(3.9)

where Uref,i is the open circuit potential under reference temperature.
The equation is solved by applying the boundary conditions from Newton’s law of cooling.
In summary, the equations involved in the battery structure are given in the diagram below:

Figure 3.1: Battery structure and equations involved in each part

3.1.2

Coupling of all Differential Equations

After all the equations were well known and understood, the equations describing the mass
balance, charge balance, energy balance and electrochemical balance were couple together
to get the primary output like current, voltage and concentration of ions. These were
coupled equations and the output of one was needed to calculate the other and again so on.
To solve this issue, the full volume was divided into smaller chunks (finite volume) and
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solved for that volume applying the respective initial/ boundary conditions. With the
known parameters from the battery, applying the Fick’s law for solid electrode and liquid
electrolyte the Li-ion concentration profile in the battery was obtained. This concentration
was essential to calculate the exchange current density at the interface. Using the energy
balance equation, the temperature inside the cell was well understood. Relating this
temperature to the Arrhenius equations for chemical kinetics and for Butler Volmer
kinetics, the new parameters for rate constant, diffusion constant and transfer current
driving the formation of side products was determined. With the current density, the
conservation of charge in liquid and solid-state was applied (i.e. applying Ohm’s law in
conjunction with Kirchhoff law) to get the electric potential in both the electrode and in
electrolyte. Knowing the overpotential, the calculation of the open circuit voltage form the
model was done. Hence this coupled differential equations model (shown in Figure 3.2 and
Figure 3.3) should be solved continuously to get the desired results.
After the fully comprehension of the above equations and the boundary conditions, the
Finite volume method was applied to solve the differential equations, because it guarantees
convergence of the result and easier to handle discontinuities. This process of discretization
lead to nonlinear discrete algebraic equations. The equations were linearized using Taylor
series expansion method which was further solved using Tri-diagonal Matrix algorithm
(Thomas algorithm).
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Figure 3.2: Block diagram of all the coupled equations in 1D model

42

y 2 Ri

dc1,i
dt




  2 D1,i 
c1,i    0

y
y 
Ri y


.

(  c pT )  .(k eff T )  q
t

  F  R 
  F  R 
j  j0 exp  a i  SEI jLi   exp  c i  SEI jLi 
 RT   s 
  RT   s 

cs ,i
t

 Ds ,i

1  2 cs ,i
(r
)
r 2 r
r







c ,i
j0,i  Fki c2 a ,i (c1,max,i  c1,surf ,i ) a ,i c1,surf
,i

 eff ,i

 21,i
x 2

 ai FJ i

i  1,i  2,i  U ref ,i

Figure 3.3: Detail of physical process for 1D electrochemical model using equations

To solve the above model discussed as the block to solve the required parameters, the
following processes are implemented.
1. The entire length were divided into small units.
2. The initial condition for Cs, Ce and T were provided.
3. Initial guess for φs, φe, Cs, Ce and T were provided
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4. Run for small time step.
5. Equation for φe was solved.
6. The value for potential η was updated.
7. The equations for φs was solved.
8. Update the value of potential η.
9. The equations for Cs, Ce and T was solved.
10. Test for convergence, if not converged the tasks from step 4 were repeated.
11. If converged, the end results were retained.
3.2

Kinetic Monte Carlo Model

Kinetic Monte Carlo (KMC) simulation method is used to simulate the process occurring
at the interface of the Li-ion battery during the charging cycles. The four-process occurring
at the interface were considered for the calculation of their respective rates [6]. These
processes were absorption of lithium-ion onto an empty site and intercalating into the cell,
desorption of a lithium-ion from the surface, diffusion of lithium from a filled site to an
adjacent empty site and irreversible passivation of a site on the surface. Among these
processes, the process of interest in passivation where passive SEI layer is formed and
increased. This is due to the side reaction occurring at the interfaced explained by the
Butler–Volmer Equation.
The growth of the passive SEI layer is in the order of a few nanometers (~nms) at the
anode surface and irreversible capacity losses at the molecular level can modeled with
KMC simulation, a more suitable simulation procedure than other methods. In addition,
the processes occurring inside the battery are well understood and defined. However, the
occurrence of the process at interest of time and space is still not-properly defined making
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the implementation of the KMC approach unquestionable. The different process rates are
the input to the Monte Carlo simulation approach, which determines the formation of
passivated SEI layer. The thickness can be calculated, which will give the resistance in the
interfacial area and this value can be coupled with the electro-chemical model to study the
charging discharging cycles at different rates at different cycles. So, the primary interest
lies on the calculation of the rate constant of all processes occurring inside the Li-ion
battery based on the materials parameters and conditions.
3.2.1

Calculation of the rate constant

The four processes occurring at the interface of electrode-electrolyte are simulated with
their individual rates whose mathematical equations are described. The intercalation of Li+
ions from electrolyte (adsorption rate) to the electrode can be described by [69]:
r1 

3
 F
kn (1   )CLi0.5 exp(
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RT

(3.10)

The liberation of Li-ion from the electrode particle (desorption rate) is described by [70]:
r2 
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(3.11)

The rate of diffusion of lithium (surface diffusion rate) from a filled site to an adjacent
empty site is given as [69]:

1
r3   D (1   )
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(3.12)

Similarly, the rate for passivation of a site on the surface (passivation rate) is given as [69]:
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(3.13)

So, based on the probability depending upon their respective rates, Kinetic Monte Carlo
simulation has been carried out dividing the electrode surface into multiple grid. The
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passive layer formation rate is governed by the Butler-Volmer Kinetics after the SEI
formation rate is known from equation 5. If we consider, the loss of lithium to the SEI on
the negative electrode is only factor for capacity fade and neglect other sources, we could
calculate the rate and probabilities and update the thickness of the SEI layer. This is
directly proportional to the concentration difference and the reaction rate. The number of
KMC steps was directly in relation with the cycle number (time) and the building up of
passive SEI layer. The schematic representation of all the phenomena used in the KMC
simulation steps is shown in the Figure 3.4.

Figure 3.4: Schematic diagram representing processes occurring at the interface.

After, passive SEI layer formation at grid is known, we cannot directly update the
thickness by constant number. The thickness of the SEI is dependent on various parameters
as rate constant, concentration of Li-ion at that time, diffusion rate and previous thickness
at grid, molar mass and the density of the side products formed and is updated by [26].
k c (t ) M
ds
 SEI e
dt (1  ks ) 
SEI
Ddiff

(3.14)

The Ddiff (diffusion coefficient) and kSEI (reaction rate) are temperature dependent,
described by Arrhenius’ equation as:

46
Ea
)
RT
E
 Ae exp( a )
RT

Ddiff  D0 exp(
k SEI

(3.15)

The deposition of passive material as lithium bicarbonate, lithium oxides, lithium fluoride
and other causes the internal resistance to increase. The increase in resistances from the
initial condition can be related with the thickness as [27]:

RSEI  R0 

s
kf

(3.16)

This interfacial resistance is coupled with the 1-D electrochemical model [23] based on
Doyle, Fuller and Newman in the Butler Volmer kinetics and the whole simulation was run
repeatedly to observe the charging and discharging profiles at various cycles. The
interfacial resistance is not neglected in the given equation in equation 9:
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This charging and discharging profiles at various cycles allow us to study the calculation
of state of charge (SOC) and state of health (SOC), capacity fading, cycle life and
remaining useful life of the battery, major parameters for the battery management system.
3.2.2

Implementation of the model

3.2.2.1 Implementation
Kinetic Monte Carlo method provides a powerful and flexible tool for understanding of the
fundamental, stochastic and physical processes to develop a model of the phenomena that
the system can behave. Kinetic Monte Carlo use transition rates for different processes with
time increment, relating to the infinitesimal and detailed kinetics of the system.
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The Kinetic Monte Carlo method was used to study and simulate time evolution of
processes occurring inside Li-ion battery. The rates were described by their respective
equation, which is calculated and the inequality is created. With the generation of random
number on grid at different cycles, the process occurring was determined which was further
used to understand the detailed process in considerable extent. The basic diagram and
inequality line shows that how those four processes rate are used in the model are shown
in Figure 3.5 below. The detailed explanation that how KMC is implemented is further
explained in algorithm and flowchart section.

Figure 3.5: Implementation of KMC for different process in the interface of battery.

3.2.2.2 Algorithm
The following algorithm was implemented for the development of the model.
i)

Start

ii)

Divide the grid size to N*N

iii)

Input all the related parameters.

iv)

Calculate all the rates for each process occurring at the interface of the
electrode- electrolyte surface.

v)

Choose initial state k and define current rate as 1C rate.

vi)

From the list of all Nk possible transition rates in the system rki from state k into
generic state i, calculate the cumulative function as:
i

Rki   rkj for i=1,2…Nk . And the total rate is Qk=RkNk
j 1
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vii)

Calculate the rate fraction. (So, that we can relate to the probability of each
event occurring at that grid.)

viii)

Create the inequality based on the probability for the four processes.

ix)

Get the random number χ such that:
χ ≤ Par (Adsorption occurs)
Par≤ χ ≤ Pdr (Desorption occurs)
Pdr≤ χ ≤ Pdfr (Diffusion occurs)
Pdfr≤ χ ≤ 1 (Passivation occurs)

x)

Neglecting the adsorption, desorption and diffusion process (since they have
negligible role in SEI layer), so at the grid where passivation is predicted,
update the thickness of the SEI layer.

xi)

The thickness was increased and move to the next grid and repeat steps (ix) and
(x) until the grid size reaches to (N*N) value.

xii)

Once grid size reached to N*N value, update the time step as t=ln (χ)/Σr and
initialize grid size to 0.

xiii)

Repeat the steps (ix)-(xii) until desired number of cycle is not reached.

xiv)

Calculate the resistance using equation 3.16.

xv)

Inserting that RSEI value in Butler Volmer Kinetics simulate to obtain the OCV,
charge and discharge profile and concentration distribution at desired cycles.

3.2.2.3 Flowchart
Based on the above algorithm, the following flowchart was drawn for the program
implementation in MATLAB. In this thesis work, the process such as adsorption,
desorption and diffusion was not applied because they were not significantly important to
study the capacity fading and cycle life of the Li-ion battery. So, considering the program
moves in forward direction only if the passivation process takes place. The update of
thickness was done and repeated for the whole grid size and for the required number of
cycles. The related battery parameters like internal resistance, SOC, SOH, capacity fade
and remaining useful life of battery was studied.

49

Figure 3.6: Flowchart for the capacity fade model using KMC approach
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3.2.3

Data Analysis

The charge and discharge data was recorded from the LANHE battery tester and was
analyzed for the calculation of SOC and SOH.
3.2.3.1 SOC estimating model
There are several methods for the calculation of the State of Charge (SOC) of the battery.
We know that measuring the open circuit voltage of the Li-ion battery cannot give the good
estimation for the SOC as in Lead Acid battery because the existence of voltage plateau
making voltage translation impractical and dropping significantly when empty.
To approximate the SOC of battery, the discharge profile of the Li-ion battery is obtained.
So, to predict SOC at any instant of time, Coulombs counting (integrating the current
flowing into or out from the battery, which gives the relative amount of the charge.) and
impedance spectroscopy were implemented.
a) Coulombs’ counting:
This process is done by measuring the discharging/charging current and integrating over
time to obtain the SOC.

SOC (t  1)  SOC (t ) 

I (t  1)
t … (3.31)
Qn

Or, this can be implemented with the help of equation as below
SOCt  SOC0 

1 t
idt
C 0
… (3.18)

where SOC0 is the initial value of SOC (usually 100%),
SOCt is the present value of SOC.
C is the total capacity of the battery.
t

 idt is the integral of current during the discharge process.
0
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For example, if a 2A current flows into a battery, for 3 hours, then this process will add 2
* 3 = 6Ah to the current battery charge. If the battery has the capacity of 30 Ah, then above
charging process will increase its SOC by 6 / 30 = 20%. So, it suggests that there is 20%
more charge than it had at the beginning; but, without the prior knowledge of the previous
SOC, we cannot estimate the final SOC.

Figure 3.7: Simple graphical method for estimating SOC of battery

When the performance of the battery is carried out at constant current charging/discharging
mode, the prediction using this method becomes simpler. But there is need to extrapolate
the graph for charge discharge profile to zero voltage so that it can supply no current to the
load and the zero charge is stored inside the battery (technically the battery is at 0 % SOC).
a. The discharge profile was plotted.
b. From the cut off voltage, the profile was expanded to 0V using the profile data and
curve fitting tools.
c. The time to reach 0% SOC was noted (which also gives the theoretical capacity of
the cell).
d. To find the SOC at any point P, the above formula was used.
So, with this method, the SOC has been determined at any space of time for the
experimental data for the battery fabricated at Electrical Engineering Lab.
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b) Impedance spectroscopy:
The electrochemical impedance spectroscopy techniques has been frequently used to
measure the impedance of the battery at different charging and discharging current over
the wide-ranging frequencies. Once a sufficient data set has been established, the value of
model impedance was calculated by least square fitting to the measured impedance value.
So, with the change in the impedance of the battery at a known charge/discharge current
rate, they can be easily correlated (however not accurate) to infer the present battery SOC.
3.2.3.2 SOH estimating model.
For the estimation of the state of health (SOH), the parameters cell impedance,
conductance, capacity or any other (which changes significantly with age) can be
considered. The measurement of SOH was done by impedance measurement for the
simulation process and done by capacity measurement for the experimental process which
are discussed below. The SOH using the impedance, Ri, can be calculated as:
R

SOH   i  1 *100 % … (3.32)
 R0 

where Ri is the ith impedance measurement in time.
R0 is the initial value of impedance.
Similarly, the determination of SOH from capacity was done by the following equation as:
C 
SOH   i  *100 % … (3.33)
 C0 

where Ci is the ith capacitance measurement in time.
C0 is the initial value of the capacity.
For the simulation approaches, to predict the SOH the method from the impedance
technique was used. This is because once the thickness of the SEI layer was determined,
the conductivity equation was used to determine the resistance of the layer. This was
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equivalently related to the internal resistance of the cell. Knowing the initial resistance of
the cell for the given specification of the battery, the state of health (i.e. ageing) of the Liion battery was calculated. In the experimental procedure, the Li-ion battery of similar
specification was made and performed various charge and discharging cycle at constant
current rate and the capacity after each cycle was recorded using LAND battery tester. So,
the second formula was helpful and used to calculate SOH as the value of internal
resistance of the battery was unknown during the process.
3.3
3.3.1

Solid-State battery
Mathematical Description

Generally, for the modeling of the electrolyte transport and the electrochemical reactions
for all solid-state batteries, tertiary current distribution, current accounting for Ohmic
effects were used. In addition, the electrode kinetics effects, and the concentration
variations’ effects on the performance was also considered. Also, diffusion equation was
used to study the transport phenomenon of Li-ions in the positive electrode, solving for
concentration of solid lithium, cLi .
3.3.1.1 Ion diffusion
For the ion diffusion in electrodes as in the liquid the case, the electrodes are solid there
will be no change than in case of solid-liquid-solid Li-ion case. Ion diffusion in
intercalation electrode is commonly modeled with Fick’s’ diffusion equation.

Ci (ri , t )  .( Di ci (ri , t )) where i=n, p
t
Dn - Diffusivity coefficient for negative electrode
Dp - Diffusivity coefficient for positive electrode

(3.21)
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For the ion diffusion in solid electrolyte, the definition comes from the conservation of
mass, and is derived from general flux equation where no ions are annihilated or generated
within the electrolyte [71]. It is given by:
c2 (r 2 , t )
M
 . j2 & j2   2 .c2.2
t
zF

(3.22)

The ion diffusion in solid electrode is described similarly as in previous case by Fick’s
second law of diffusion as:
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Where the parameters with subscript 1 is used for lithium ions and with subscript 2 is
used for negative ions. The transport of Li-ions in solid-state electrolyte is explained below.
3.3.1.2

Transport Equations

The transport of lithium ions across the solid electrolyte or electrodes can be explained
with the help migration mechanism, diffusion mechanism or both [72]. The transportation
of charged species with the aid of an electric field is called the migration while the
movement of a ions/charge due to gradient in concentration is called the diffusion [73].
Nernst-Plank-Poisson (NPP) equation describe the amount of the lithium ions flux inside
the electrolyte which is given as:


zF
ci 
Di ci E
(3.24)
x
RT
where, z is the number of charge transferred in one reaction.
Ci is the concentration (mol/ m3)
E is the electric field (V/m)
D is the diffusion coefficient (m2/s2)
T is the temperature and
R and F are gas and Faraday constant respectively

i   Di
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In the above equation, the right-hand side terms represent the contributions to the mass
transfer by diffusion and migration respectively. In the above equation, the subscript i=1
and z=1 is used for lithium ion and subscript i=2 and z=-1 for the negative ions.
3.3.1.3 Reaction Kinetics
Butler-Volmer equation was used in both the electrodes (for negative and positive
respectively) to calculate the reaction kinetics which are given respectively as [74]:
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The above expressions give equilibrium potential for both electrodes based on Liconcentration at electrode surface. The over potential term η is defined as:

  s ,ext  1  Eeq

(3.27)

The negative electrode equilibrium potential in case of solid-state battery can be set to 0
and the positive electrode equilibrium potential is dependent on the current solid lithium
concentration. The rate of the charge transfer reaction is given by:

rd  kd cLi0  kncLi cn
where Kd is related to kr by: kd 

kr c0 2
(1   )

(3.28)
(3.29)

The fraction of the total amount of lithium which is dissociated, δ, is related as:

cLieq  cneq   c0

(3.30)
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3.3.2

Model Development

For the implemental of the solid-state battery, the reformulation of the above equation was
made and the following assumptions have been made for the Library model [73].
1. Geometry is planar.
2. Reactions occur only at the surface.
3. Initial concentration of Li ion in the electrolyte is uniform.
4. Electrolyte bulk is electro neutral both globally and locally.
5. Electronic resistance and electrode reaction of Li anode are ignored.
6. The electrodes are also current collectors.
COMSOL Multiphysics was used to study the solid-state battery model. The model
developed with reference to the library model. In COMSOL Multiphysics for solid-state
battery uses the same battery parameters as the COMSOL Multiphysics library full
nonlinear model. In this case, to study the currents and electrolyte mass transport processes
in all-solid-state battery, tertiary current distribution are used. Mass transport of lithium
ions in the positive electrode has been modeled with the aid of distinct transport of diluted
species mechanism coupled to the electrochemical reactions. And various discharge
currents and the capacities are studied, and the various sources of voltage losses are
investigated [75]. The parameters used during the simulation is shown at Table 2:
The detailed tutorial/ simulation procedure explained for the library model of solid-state
battery for All-Solid-State Lithium-Ion Battery solved with COMSOL 4.3a [76] was
followed in order to study the above defined output parameters. The model for solid-state
LIPON battery with the parameter as per the above table was developed. The results of
variation of Lithium ion concentration on electrolyte, variation of Lithium ion
concentration of electrode and discharge profile for different charging rate are discussed.

57
Table 2: Parameters value used for simulation
Parameters

Value

Unit

Description

L

1500

[nm]

Thickness of electrolyte

M

320

[nm]

Thickness of electrode

c0_Li_ion

6.01e4

[mol/m^3]

Total concentration of Li ions in Li3PO4 matrix

Kr

0.9e-8

[m^3/(mol*s)]

Li ion recombinatin reaction rate

Delta

0.18

--

Fraction of free Li ions in equilibrium

D_Li_ion

0.9e-15

[m^2/s]

Diffusion coefficent for Li ions in electrolyte

D_n

5.1e-15

[m^2/s]

Diffusion coefficient for n in the electrolyte

c_Li_max

2.33e4

[mol/m^3]

Maximal activity of Li in the positive electrode

D_Li

1.76e-15

[m^2/s]

Diffusion coefficient for Li in positive electrode

alpha_pos

0.6

--

Charge transfer coefficient

k_pos

5.1e-4

[mol/m^2/s]

Rate constant charge transfer reaction, positive
electrode

T

298.15

[K]

Temperature

Kd

kr*c0_Li_ion*delta^2/(1-delta) --

Dissociation rate constant in electrolyte

c_Li_ion_init

c0_Li_ion*delta

--

Initial Li ion electrolyte concentration

i_1C

10e-6

[A/cm^2]

Current

c_Li_init

c_Li_max/2*1.01

[mol/m^3]

Initial Lithium concentration in electrode

C_rate

1

--

C rate parameter in parametric sweep

c_Li_min

c_Li_max/2

[mol/m^3]

Minimum Li concentration in electrode

alpha_neg

0.5

--

Charge transfer coefficient, negative electrode

k_neg

1e-2

[mol/m^2/s]

Rate constant charge transfer reaction, negative
electrode
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3.4
3.4.1

Program Implementation
High Performance Computing and MATLAB Environment

The calculation of different rates and the implementation of above algorithm for the KMC
simulation was performed using MATLAB 2015a. Then, the results were coupled to the
electrochemical model. The “bigjack” cluster of High Performance Computing (HPC)
facility at South Dakota State University (SDSU) was used for the simulation of the 1D
electrochemical model using MATLAB 2015a software. The file was needed to be
transferred from the local computer to the remote cluster for which WinSCP 5.3.1 beta was
used. PuTTY and PBS scheduler were employed to submit the job and schedule a job on
the cluster respectively. In order to get the virtual access and graphical interface in the
“kojack” cluster of HPC environment VNC viewer was used. Moreover, for the analysis,
plotting and interpretation of the results, MATLAB 2015a was used.
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Figure 3.8: a) Virtual network connector from Server of SDSU b) Upload of the files through WinSCP
program c) Login to blackjack server in HPC using PuTTY d) MATLAB working environment

3.4.2

COMSOL Multiphysics

COMSOL

Multiphysics is

a solver

and simulation

software

based

on

finite

element analysis (FEA) method. This is a cross platform package (works on
Windows, Mac, Linux). It is an excellent software package designed to study the
multidimensionality

and

coupled

physics

behind

the

various physics and engineering applications. The coupled systems of partial differential
equations (PDEs) can be solved directly with the defined initial and boundary value using
COMSOL Multiphysics. It has been also frequently used for creating physics-based
applications since version 5.0 was launched in 2014. COMSOL Multiphysics also offers
services as application programming interfaces (APIs), where the software can be
programmed

using

the

compiled

object

oriented

code

and

LiveLink

for MATLAB providing the ability to interface the COMSOL Multiphysics with the
MATLAB. The one-dimensional Li-ion battery model, two-dimensional Li-ion battery
model and solid-state battery model can easily be implemented with the COMSOL
Multiphysics. The solid-state Li-ion battery model was developed using COMSOL
Multiphysics 4.3 available at the server at South Dakota State University. The virtual
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network connection (VNC) was used to access the COMSOL. The library model was used
to study the different performance characteristics of the solid-state Li-ion battery using the
desired materials property and geometry.

Figure 3.9: COMSOL Multiphysics working environment

3.5

Fabrication of Lithium ion battery

To validate the accuracy of the model, the cell was fabricated in the Electrical Engineering
lab facility at South Dakota State University. The similar battery parameters used for the
simulation are used for the experimental procedures. However, the measure/track of the
growth of Solid-Electrolyte interface layer thickness after every cycle and the interfacial
resistance was not possible. The capacity fading effect due to different charging and
discharging rates at various cycles was studied and cross validated with the results obtained
from the modeling procedure. The following topics discuss about the detail work in the
experimental design, testing and analysis.
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For the fabrication process, the anode material need to be prepared and coat it on the anode
current collector. Similarly, the cathode material need to be prepared and coat it on the
cathode current collector. With suitable separator, electrolyte and the casing materials and
arrangement, the cell was designed. If both anode and cathode material are used then the
fabricated cell are full cell. However, the customary practice in fabrication is the use of
half cell (Anode material with Lithium as cathode) or (Cathode material with Lithium as
anode). To study the actual working characteristics, the interest lied in designing the full
cell. In addition, active materials and binders were added inside the Li-ion battery for the
proper operation.
3.5.1

Preparation of anode and cathode material

For the preparation of anode and cathode materials, the electrode was fabricated from pure
materials by mixing together active electrode material powder with a binder. To prepare
the Cathode (LiCoO2), the anode material (LiC6), and the following procedure was applied.
i)

NMP (N-Methyl-2-pyrrolidone) and PVDF (Poly vinyl di fluoride) was
dissolved to make the homogeneous mixture for easier operation, and the
grinder was cleaned with acetone.

ii)

80 mg of LiCoO2 and 10 mg of Carbon black were grinded properly.

iii)

The 0.5 ml of the mixture prepared in (i) was dropped on the mixture.

iv)

The Aluminum foil was cut and ironed with Glass rod and cleaned with acetone.

v)

With 50μm, the solution was coated on the Al foil using doctor blading.

vi)

After doctor blading, it was kept in vacuum oven at 1000C for 12 hours and
pump was turned off after two hours the oven is turned off.

vii)

Similarly, for the preparation of the anode material, similar procedure was
applied except the material was graphite rather than Lithium cobalt oxide.
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viii)

After preparation of electrode, they were cut in circle with the diameter of
15mm and 12mm respectively and the separator was cut in 20mm using the
precision disc cutter shown in Figure 3.10) b to ensure there is no short circuit.

ix)

Then, making the 10 samples of current collector only, we take the weight of
the current collector and take average. Similarly, we also took the weight for 10
samples of anode and cathode and took their average weight respectively.

x)

The difference in weights was multiplied by respective percentage to get active
material weight. (e.g. wt.*0.8 for cathode material since in 8:1:1 ratio)

Figure 3.10: a) Doctor Blading device with 50, 100, 150, 200um b) Precision disc cutter

The cell assembly process was carried in the controlled environment inside the glove box.
3.5.2

Glove Box Operation

The anode (positive electrode), cathode (negative electrode), casing, spring, separator was
put in the sample holder and prepare them to take inside the glove box shown in the Figure
3.11. For the glove box operation, the following procedures were carried out:
A. Procedure for passing an item into the Glove Box
i)

Ensure that the antechamber’s inside and outside doors and the
antechambers’ refill and vacuum valves are closed.
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ii)

Open the antechambers outside door, place the item in the sliding tray, and
close the outside door.

iii)

Open the vacuum valve and evacuate the antechamber of all air.

iv)

Close the vacuum valve and open the refill valve to allow air from the glove
box to fill the ante chamber.

v)

Close the refill valve.

vi)

Do step 3 to 5 for three times.

vii)

Open the antechamber’s inside door and move article into the glove Box.

viii)

Close the antechamber’s inside door.

Figure 3.11: Glovebox in the cleanroom of EE department SDSU

B. Procedure for passing an item into the glove Box
i)

Ensure that the antechamber’s inside and outside doors are closed and the
antechamber’s refill and vacuum valve are closed.

ii)

If you are unsure whether or not an inert atmosphere is in the antechamber,
follow steps from 3-10. If you are 100% sure that the antechambers has the
inert atmosphere then, you can skip to 7.

iii)

Open the vacuum valve and evacuate the antechamber of all air.
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3.5.3

iv)

Close the vacuum valve and open refill valve to allow air from antechamber.

v)

Close the refill valve.

vi)

Do step 3-5 three times.

vii)

Open the antechambers inside door and place the items on the sliding tray.

viii)

Close the antechambers inside door.

ix)

Open antechambers outside door and remove the items from sliding tray.

x)

Close the antechambers outside door.

Cell Assembly

The materials used to assemble the half-cell coin cell includes a lithium reference electrode
(anode), a cathode, a separator, a spacer, a spring, and coin cell casings and anode material
(LiC6) replaces the lithium reference for the full cell. A ring-shaped spring is placed
between the spacer and the negative casing to confirm acceptable pressure to the cell
components. The stainless steel is used as spacer, polymer plastic from Celgard
Corporation is used as the separator and EMD containing 1:1 ethylene carbonate and
dimethyl carbonate is used as an electrolyte. Most materials such as all type coin cases,
springs and spacers were ordered from the MTI Corporation. The materials are then
transferred to the glovebox after drying. The structure of the coin cell can be seen in Figure
3.12. When assembling a coin cell, spring is first placed in the negative case. A spacer is
placed on the top of the spring. Cathode (LiCoO2) is placed on the top of spacer and 10
drops of electrolyte are placed and then separator is placed. Electrolyte was again added
which helps facilitate lithium-ion transfer between counter electrode and working
electrode. If there is too much electrolyte, the electrolyte will spill out during the crimping
process, but it will not harm the properties of the cell. And then cathode was placed and
the positive case was placed at last and press the cell together. After all elements are
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Figure 3.12: Structure of the Coin cell

Figure 3.13: Hydraulic Crimping Machine

aligned, the coin cell was crimped by using a compact hydraulic crimping machine as
shown in Figure 3.13. The cell can be crimped up to a pressure of 1000 psi. After
fabrication, cell was removed from the glovebox and was ready for testing.
3.6

Battery Characterization

For this process, the detail parameters such as weight of active material, theoretical
capacity of anode material, theoretical capacity of anode material, voltage range for the
charging and discharging of the battery we fabricate, should be known. With the detail
knowledge of these parameter, then based on the capacity of the coin cell, the test can be
carried out in the desired condition (C-rates, voltage range) in the Lanhe battery tester
(shown in Figure 3.14).
3.6.1

Charge Discharge profile

To study the charge discharge profile, the battery was allowed to settle for 12-24 hours
before testing it to the LANHE battery tester shown in Figure 3.14. Both the half cells and
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full cells were charged at the constant current of C/20 (0.12mA) current rate and discharge
at the discharge rate of C/20 (0.12mA) current rate. There are some constraints which needs
to be set when doing the charging and discharging process. When the cell is being charged,
the charging step is completed if the voltage is charged to the high limit (4.1V for full cell
and 3.5V for half-cell) and the next is executed. The cycler records data every 5 seconds.
Similarly, for discharging, the discharging process is carried out until the voltage is reached
to the low limit (2.5V for both cells) and these two processes was repeated for 5 cycles for
the formation cycling. After that, the current rate was increased to 0.5C (1.2mA) and charge
discharge profile was observed for 50 cycles. To analyze the charging and discharging
characterizations, the processes were repeated on 5 half cells and 5 full cells which
parameters and conditions were set in the LANDdt software shown in the Figure below.

Figure 3.14: LAND Battery tester for characterization of battery.

For the programming of the charging and discharging of the battery, the automated
program was written in the LANDdt software which was interface with the LAND battery
tester. The following procedure was followed for the battery characterization of the batter,
which was fabricated in the Electrical Engineering Lab.
i. The LANDdt software was started.
ii. The respective channel was selected.
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iii. We were using constant current mode of charging/discharging, so the current rate
was 60 mA for the full cell and the current rate was 60mA for the half-cell was set.
iv. The end condition of 4.2V and 3.6V for full cell and half-cell respectively was set.
v. The constant current charging condition was set until voltage reach 4.2V.
vi. Just to make sure to utilize the full capacity of the battery, the battery was further
charged at constant voltage at 4.2V when current drops to zero.
vii. The battery was rested for 10 mins (although optional).
viii. The battery was discharged at constant current rate up to voltage less than 3.0 V
ix. For program control, 100 cycle number was used and if it was less than hundred
the procedure from (v) to (viii) was repeated.
x. If cycle number reached 100, the experiment was ended and data was opened.
xi. The active material weight was set.
xii. Finally, the data was transferred for the analysis purpose.
3.6.2

Impedance spectroscopy

The equivalent circuit was developed in Simscape in MATLAB to obtain the general
electrochemical impedance spectroscopy of the Li-ion battery. The model consists of
resistors, RC parallel network with the implementation of constant phase element and
Warburg Impedance. The simple electric circuit model for the EIS using electrical
component is shown in Figure 3.15.

Figure 3.15: Simple electric circuit model for the EIS
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On the lab, for the fabricated battery, using the AMATEK Versa STAT device to
measure the EIS spectrum the following procedure was followed.
a. Start the instrument.
b. Connect the battery to AMETEK with suitable polarity.
c. Open the new experiment and select the suitable tab to perform the measurement.
d. First, to make sure that the battery is in good condition, measure the open circuit
potential of the battery.
e. Open potentio-static EIS tab under Impedance technique actions.
f. Save on the suitable file name.
g. Set the starting frequency as 100KHz, ending frequency as 0.01Hz and the
voltage of the AC signal as measured OCV.
h. Run the measurement.
i. Analyze the data.
j. For obtaining smoother circular/linear line use the fitting option (optional).
k. Stop
So, the data obtained from the lab will be compared against the result obtained from the
simulation. So, this result will be the reference to predict the 0%SOC and 100% SOC of
the battery and based on the historical data, the SOC can be measured.
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Chapter 4: Results and Discussions
4.1

Modeling Results

The 1D electrochemical modeling for the parameters of the graphite (LiC6) and the Lithium
cobalt oxide (LiCoO2) was used for the modeling input, which was simulated in the Highperformance computing (HPC) environment facility at SDSU using “bigjack” cluster. The
transfer of the file from the local computer to the remote cluster was done using WinSCP
5.3.1 beta, whereas PuTTY and PBS scheduler were employed to submit the job and
schedule a job on the cluster respectively. MATLAB 2015a was used for the analysis,
plotting and interpretation of the results. The charge and discharge profile at 1C at the first
cycle, the lithium ion concentration profile was studied with the simulated result obtained.
4.1.1

1D Electrochemical model

To solve the coupled partial differential equations with respective boundary conditions, the
finite volume method was implemented as it quickly solves governing equations using
numerical schemes, has capability to provide non-measurable electrochemical parameters,
and has ability to predict current and voltage responses with potentially better accuracy and
guarantees convergences regardless of the mesh sizes. After the partial differential equation
is discretized and linearized using Taylor series and Euler method, the obtained diagonal
equation is solved by Thomas algorithm. The control volumes were taken to be 1micrometer size for solving the differential equation using Finite Volume method which suggests
that the number of control volumes were 50, 25 and 36 respectively for negative electrode,
separator and positive electrode respectively. The battery considered here has a nominal
rating of 6 Ah, and a charge / discharge rate of 1C was used. Similarly, other set of
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parameters and condition were used from the Smith and Wang [2006]. The following
parameters and their respective values as in Table 3 were used for simulation process.
4.1.2

Charge Discharge profile

The following charging and discharging profile was obtained for the battery with liquid
electrolyte with simulated over six hours with more than fifty parameters as the input.
During the charging of the battery, the charging current is set to 1C rate (meaning the
battery can be charged in 1 hour). When charging the battery in constant current mode, the
voltage of the battery increases gradually with time. This nature of the behavior is obtained
from the simulation we have run for the 1D electrochemical battery model.
Table 3: Parameters used for the 1D electrochemical model.
S.N

Parameter

Negative Electrode

Separator

Positive electrode

1

Number of Control Volumes (Nominal)

50

25

36

2

Thickness Ln, Ls, Lp

50 µm

25.4 µm

36.4 µm

3

Active Particle Radius, rs

1 µm

N/A

1 µm

4

Electrolyte Volume Fraction,

0.332

0.5

0.33

5

Active Particle Volume Fraction

0.58

N/A

0.5

6

Electrolyte Concentration

1.2e3 mol/m3

1.2e3 mol/m3

1.2e3 mol/m3

7

Maximum Solid Phase Concentration, cs,max

16.1e3 mol/m3

N/A

23.9e3 mol/m3

8

Stoichiometry at 0% State of Charge, x, y

0.126

N/A

0.936

9

Stoichiometry at 100% State of Charge x, y

0.676

N/A

0.442

10

Charge Transfer Coefficients, αa, αc

0.5, 0.5

-

0.5, 0.5

11

SEI Film Resistance, RSEI

0*

-

0*

12

Lithium-ion Diffusion Coefficient in Solid

2e-16 m2/s

-

3.7e-16 m2/s

Phase, Ds

ce t 0
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13

Lithium-ion

Diffusion

Coefficient

in

2e-10 m2/s

2e-10 m2/s

2e-10 m2/s

Electrolyte, De
14

Kinetic Constant, k0

1.38e-4

-

(A/m2 )(m3 /mol)3/2

0.64e-4
(A/m2)(m3/mol)3/2

15

Solid Phase Electrical Conductivity, σ

100 S/m

-

10 S/m

16

Electrolyte Phase Ionic Conductivity, κ

Given by equation

-

Given by equation

17

Specific Heat Capacity, cp

700 J/kg/K

700 J/kg/K

700 J/kg/K

18

Transference Number, t+

0.363

0.363

0.363

19

Open Circuit Potential, U

Given by equation

20

Density, ρ

2500 kg/m3

1200 kg/m3

1500 kg/m3

21

Thermal Conductivity, keff

5 W/m/K

1 W/m/K

5 W/m/K

-

Given by equation

The voltage increases from the 3.38V and rises to the 4.1V under constant current (CC) for
the battery with the parameters listed from the table above is shown in Figure 4.1 below.
Although many charging protocol suggest charging the battery in constant voltage mode
after reaching the peak voltage and letting current drops to zero to retain 100% capacity
we have used only CC mode to reduce the computational complexity.

Figure 4.1: Charging profile of the LiMn2O4 battery
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Similarly, the discharge of the Li-ion cell was done at 1C constant current discharging rate,
the one hour profile of the cell with the above parameters is shown in figure 4.2. The
voltage profile shows that the peak voltage was at 4.1V and decreased to the nominal
voltage of 3.7V for the longer period of time and it was sharply reduced to the cut off of
2.5V at the end of the discharge. Although, the model couldn’t capture the extreme flat
nature of curve, we can visualize that voltage remained almost constant for longer period.

Figure 4.2: Dis-charging profile of the LiMn2O4 battery

4.1.3

Concentration profile

The concentration of the Li-ion during the charging process of the battery was studied. At
completely discharged state, there is not significant amount of potential difference on the
electrodes. When the external voltage is applied, the Li-ions from the cathode starts
travelling to anode surface via the electrolyte through the path of separator. This makes the
Li-ion concentration in the cathode to decrease and concentration on the anode to increase.
Throughout the separator, the assumption is made that the variation of the ion concentration
is linear relation to the gradient of concentration between the two interfaces (interface of
separator and cathode and interface of separator and cathode). Figure 4.3 shows the
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variation of Li-ions across the length of the battery. During t=0, there was no significant
difference in concentration and the gradient in two electrodes increases as time goes up.

Figure 4.3: Concentration variation across the length of the battery

The concentration profile obtained from the one-dimensional model was compared to the
1D Library model of Li-ion battery provided by COMSOL MULTIPHYSICS. Although
the values were not exactly matched (due to the variation of parameters in two models),
the nature of graph was found to be similar which is shown in the Figure 4.4.

Figure 4.4: Concentration variation across the length of the battery (From COMSOL)
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4.2

Kinetic Monte Carlo Model Results

The result from the simulation discussed in the methodology section is shown. The grid
size of 50*50 was taken, where each grid represents one μm in dimension. This is simulated
to study the growth of SEI layer, change in the internal resistance, calculation of the SOC
and SOH during each cycle, and the discharge behavior of the battery with increasing cycle.
The maximum cycle number was set to 2000, to make the complexity to the computational
level low. The figure below is shown for standard cycles of 1st, 50th, 500th and 2000th cycles.
4.2.1

Growth of SEI layer

The growth of the solid-electrolyte interface layer has been studied using the Kinetic Monte
Carlo method. First the electrode was considered as two dimensional and to simulate the
actual mechanism of the electrode surface, the electrode was modeled as the single particle
model and the anode is modeled as the spherical ball with the surface area equivalent to
that of two-dimensional model. This will give the greater understanding for the surface
coverage and the blocking of the Li+ ions by passive SEI layer during the intercalation and
de-intercalation of the Li+ ions.
The growth of the thickness of the passive solid-electrolyte layer is shown as:

st

SEI at 1 cycle, average thickness =0.35nm

th

SEI at 50 cycle, average thickness= 1.45nm
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th

SEI at 500 cycle, average thickness= 5.67nm

th

SEI at 2000 cycle, average thickness= 11.45nm

The above figure shows the SEI layer thickness at the first cycle was 0.35nanometer
increased to 1.45nanometer, 5.67nanometer and 11.45nanometer respectively at 50th, 500th,
and 2000th cycle respectively. The overall profile of the thickness is seen in the graph as:

Figure 4.5: Variation of thickness of SEI layer with cycle number.

In the above figure, the thickness value at different data points were observed and knowing
that thickness increases with proportional to the square root of cycle number, the data
points were fitted to the curve with the relation as:

y  A.x0.5  B Where A & B are constant.
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The curve was fitted perfectly with the R squared value of 0.9945, which suggested that
the simulated data followed the similar nature as suggested by theoretical reference [27].
Similarly, when the single particle model (sphere) for the electrode surface was made, the
results was obtained as shown in Figure below. The sphere for the electrode has the same
surface area as that of the two-dimensional case. So, with the calculation, the radius has to
be 198 micro-meter. Similarly, for the SEI layer, the passive side products from irreversible
reaction at the surface was set to 2 micrometers. So, with the KMC simulation for each
grid of the sphere, the results were obtained as:

st

SEI at 1 cycle, average thickness=0.39nm

th

th

SEI at 50 cycle, average thickness= 1.49nm

th

SEI at 500 cycle, average thickness= 5.35nm SEI at 2000 cycle, average thickness= 10.55nm
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The above figure shows the SEI layer thickness at the first cycle was 0.39nanometer
increased to 1.49nanometer, 5.35nanometer and 10.55nanometer respectively at 50th, 500th,
and 2000th cycle respectively. The overall profile of the thickness is seen in the graph as:

Figure 4.6: Variation of thickness of SEI layer with cycle number (SPM surface)

For this case also, the data points were fitted to the curve with the same relation as:

y  A.x0.5  B Where A & B are constant.
And the curve was fitted perfectly with the R squared value of 0.99375, which suggested
that the simulated data followed the similar nature as suggested by the theoretical reference.
Similarly, both the graphs were plotted together with the theoretical reference [Ploehn
2004] and the accuracy of the SEI layer growth model for two dimensions and three
dimensions was studied with respect to the graph from the reference. Although, the graph
was not perfectly overlapped (Value of A and B from the above equation was different),
the nature of the curve shows that the growth of the layer was proportionate to square root
of cycle number. The comparison is made in the graph shown below.
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In the next step, the total active surface area coverage ratio (ε) was calculated from the
formula as shown below in both the cases.

Active Surface Area Coverage Ratio ( ) 

Total Area – Passivated  SEI  area
Total Area

Figure 4.7: Comparison of the models with the theoretical reference profile.

For, the two dimensional, electrode area surface coverage was plotted with the update of
thickness and the surface coverage was plotted. The morphology of Solid-Electrolyte
Interfacial layer was studied with the SEI layer formation was simulated for 2000 cycles at
1C current rate. Results below shows the coverage of anode surface with solid-electrolyte
interface layer after 1st cycle, 50th cycle, 500th cycle and 2000th cycle.

After 1st cycle

th

After 50 cycle
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th

After 500th cycle

After 2000 cycle

So, the blue part represents the passivated layer (where the SEI layer was formed), where
the white part represents the active surface, in which the Lithium ions can intercalate and
de-intercalate. So, with the calculation based on the above formula, the active surface area
coverage ratio was calculated shown on the left table below.
Table 4: SEI layer area & active surface coverage area ratio

Table 5: Active surface coverage ratio (from SPM)

Cycle No.

SEI layer Area

ε

Cycle No.

ε

1

(sq.
82 μm)

0.97

1

0.99

50

482

0.81

50

0.84

500

1106

0.56

500

0.59

2000

1993

0.20

2000

0.22

4.2.2

Change in internal resistance

With the update of thickness in every cycle, the resistance of the solid-electrolyte layer was
calculated for every cycle of the charging and discharging process. The graph below shows
the profile of the change of the resistance where the initial internal resistance value was in
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milli-ohm range which was increased to 2.53 Ohms after 2000 cycles. The nature was
found to be monotonically increasing with the relation of square root of cycle number.

Figure 4.8: Change of internal resistance with cycle number

4.2.3

SOH result

The state of health was calculated with reference to the resistance, the initial value of
impedance R0 was set after the resistance was calculated in the first cycle. Then with update
of resistance value in every cycle, the SOH was calculated using the formula. So, the SOH
profile for the 2000 discharge cycle is obtained as:
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Figure 4.9: State of Health with cycle number
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4.2.4

Discharge profile for increasing cycles

Similarly, after getting the thickness profile of the Solid-Electrolyte Interface (SEI) layer
and the internal resistance of the battery associated with the SEI layer, the value was used
in the equation:
  F 
  F 


R
R
j  j0 exp  a i  SEI jLi   exp  c i  SEI jLi 
s
s
 RT 
  RT 



The above equation is the part of 1D electrochemical model and run continuously with
updating RSEI for multiple cycles. The discharge profile of the battery was studied for the
various cycle and the Figure 4.10 below shows the discharge profile of the battery at 1st
cycle, 50th cycle, 500th cycle and 2000th cycle.

Figure 4.10: Discharge profile obtained from the model at various cycle number.

The above figure shows that the battery was charged at 1C constant current rate. With the
increasing of the charge and discharge cycles the capacity of the battery was reduced and
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clearly shows the capacity fading of battery due to growth in interfacial resistance since
the voltage reaches the lower cut-off in the lesser time.
4.3

Experimental results

For the battery characterization process, the detail parameters such as weight of active
material, theoretical capacity of anode material, theoretical capacity of anode material,
voltage range for the charging and discharging of the battery we fabricate should be known.
Then, based on the capacity of the coin cell, the test to the desired condition (C-rates,
voltage range) in the Lanhe battery tester (shown in Figure 3.14) can be performed. For the
fabricated battery, the information is summarized as:
Weight of 10 Aluminum current collector= 0.04796g.
So, weight of one Aluminum current collector= 4.796mg.
Similarly, weight of 10 Copper current collector= 0.15868g.
So, weight of one Copper current collector= 15.868mg.
The theoretical capacity of LiCoO2 is 140mAh/g, Lithium metal is 3850 mAh/g and LiC6
is 372 mAh/g.
For the half cell, (Li- anode and LiCoO2- cathode) was used and for the full cell (LiC6 anode and LiCoO2- cathode) was used.
The other information is tabulated in Table 6:
Looking at the information, in the half-cell the average anode capacity is 158.158 mAh and
average cathode capacity is 2.366 mAh. Similarly, for the full cell, the average anode
capacity is 12.603 mAh and average cathode capacity is 2.431 mAh. However, in both the
cases, the cell capacity was limited by cathode capacity (LiCoO2). So, the coin cell capacity
was 2.3987 mAh (in average). Hence, 1C correspond to 2.4 mA in the battery testing
protocol.
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Table 6: Different parameters during the preparation of half-cell and full-cell

S.N

Anode
Weight
(g)

Copper
CC
(mg)

Effective
anode
material
(g)

Cathode
Weight

Aluminum
CC (mg)

Effective
cathode
material

Capacity
of Anode

Capacity
of
Cathode

H1

0.0421

-

0.0421

0.0222

4.796 0.017404

162.085

2.43656

H2

0.0396

-

0.0396

0.0207

4.796 0.015904

152.46

2.22656

H3

0.0387

-

0.0387

0.0198

4.796 0.015004

148.995

2.10056

H4

0.0416

-

0.0416

0.0231

4.796 0.018304

160.16

2.56256

H5

0.0434

-

0.0434

0.0227

4.796 0.017904

167.09

2.50656

F1

0.0341

15.868 0.014586

0.0219

4.796 0.017104

12.6852

2.39456

F2

0.0322

15.868 0.013066

0.0214

4.796 0.016604

11.9784

2.32456

F3

0.0347

15.868 0.015066

0.0239

4.796 0.019104

12.9084

2.67456

F4

0.0346

15.868 0.014986

0.0225

4.796 0.017704

12.8712

2.47856

F5

0.0338

15.868 0.014346

0.0211

4.796 0.016304

12.5736

2.28256

So, the cells were manufactured and the charging and discharging capacity was tested with
the constant current rate of 1C. Initially, for the few cycles to let the formation cycling to
occur in cell, it was charged using the low current rate and after it was charged and
discharged at 1C rate. The data of one of the discharge profile cycle and charge profile
cycle among 100 cycles was extracted in MATLAB and was plotted as shown in Figure
4.11. The graph shows the similar profile compared to that of the earlier simulation results.
During constant current charging, in simulation the voltage was found to be growing with
time and same properties were obtained at experimental results, however the voltage was
reached almost to saturation and stayed constant for long time in the experimental results.
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The discharge curve was much more matching. The figure 4.11 shows the charging and
discharging profile for the Li-ion battery at the constant current rate of 1C.

Figure 4.11: Charge and discharge profile of fabricated Li-ion battery in Lab

The experiment was expanded for the higher number of cycles (100) and the charging and
discharging profile was recorded. Observing discharge profile, the capacity was found to
be decreasing every cycle. The figure 4.12 below shows the discharge profile for different
cycle number as (No. 1, No. 25, No. 50, No. 100) at 1C rate.

Figure 4.12: Discharge profile of the fabricated battery at 1C rate
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Similarly, to understand how the profile varies for the lower current rate, the similar battery
was charged and discharged for 0.2C rates. Each operation took 5hrs to complete. So, the
discharge profile was recorded for each cycle with the increasing cycle (up to 100). The
discharge profile, the capacity was found to be decreasing every cycle but not significantly
as in 1C rate. The figure 4.13a below shows the discharge profile for different cycle number
as (No. 1, No. 25, No. 50, No. 100). As in the main figure, the discharge profile is
overlapping and hard to understand, the zoomed figure on the right is shown.

Figure 4.13:a) Different profile at 0.2C rate b) zoomed part of the same graph.

Similarly, for the measurement of SOC, the impedance spectroscopy analyzer was done
using AMETEK VersaSTAT using Versastudio. The profile of the battery (real and
imaginary impedance) obtained was shown in the figure 4.14 below:
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Figure 4.14: Real Impedance vs Imaginary Impedance of the fabricated cell

Also, the magnitude of the impedance with increasing frequency was calculated, and
plotted in the figure 4.15 below:

Figure 4.15: Impedance with increasing frequency

4.4
4.4.1

Data Analysis
SOC Results

For the estimation of the state of charge, the discharge profile of the battery was recorded.
The discharge profile on the Figure 4.16 shows from the simulation, whereas the discharge
profile on the Figure 4.17 shows from the experiment. Both the discharge profile was
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expanded to 0V to get the complete capacity of the battery. The data was obtained up to
0V in simulation results, so it was not the big issue, however to get the profile up to 0V of
the battery for experimental results, this was done using the fitting process from the data.
The figure 4.16 shows the discharge profile expanded for SOC calculation from simulation:

Figure 4.16: Simulated discharge profile up to 0V

Now, for the calculation of the SOC, the Coulomb’s counting method as in explained in
3.7.1 is used. The SOC at point O is assumed to be 100% because no charge is delivered
to the external load. And the SOC value at the point S is 0%, because no any charge remains
in the battery. Now, calculating through coulomb counting, the SOC at P (time 1000s), P
(time 2000s), P (time 3500s) were obtained as 72.58%, 45.16%, 4.03% respectively. So,
this Coulombs counting method was superior to OCV method because had we
implemented the OCV method, the SOC would be almost same due to slight change in
magnitude of voltage, which is not the case for the Li-ion battery. Similarly, the figure 4.17
below shows the expanded discharge profile of the fabricated battery. The curve was
extrapolated to 0V.
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Figure 4.17: Extrapolation of discharge profile of the battery

So, with reference to the Coulomb’s counting procedure for SOC calculation, the SOC at
the time (t=0) was considered as 100% and the SOC at time (t=3923s) was 0% from the
extrapolation. So, SOC at other time instant as time (t=1000s, 2000s, and 3500s) were
found to be 74.51%, 49.02% and 10.78% respectively.
4.4.2

SOH Results

The capacity of the cell after each cycle of complete charging and discharging was obtained
for the 100 cycles. The experimental data was available only for 100 cycles and the
simulation data for 2000 cycles. The capacity-cycle profile for charging and discharging
case was plotted. Then, it was fitted approximately using the standard functions to get
minimal value of error. The capacity during the discharge was shown in the figure 4.18
below. The capacity between cycle 1- 20 was varying in the significant amount (may be
due to the time for the formation cycling and could not be stable). So, taking the profile
from 20-100 cycles the profile was plotted and the function was fitted to get the value as
shown in Figure 4.18.
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Figure 4.18: Fitting of capacity-cycle number plot

Now, the profile was linearly fit with the equation C  A * cycle  B where the value of A
and B were obtained as -3*10-5 and 0.1796 respectively with R2 value of 0.9597. So, this
graph was extrapolated to 2000 cycles to get the capacity after 2000 cycles. The following
graph shows the discharge capacity profile at each cycle when expanded up to 2000 cycles.

Figure 4.19: Linear model expanded for knowing capacity after discharging up to 2000 cycles

The initial capacity was so fluctuating, so taking the capacity of 1st cycle does not account
for the good result. Hence, the average of the 20 cycles were taken as the initial capacity
for our battery. So, the SOH was obtained as in Table 7 for 50, 500, 1000 and 2000 cycles.
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Table 7: State of Health measurement of the fabricated Li-ion cell

4.5

Cycle number

Capacity (mAh)

State of Health (%)

1

0.1784

100

50

0.178

99.78

500

0.1625

91.08

1000

0.1454

81.50

2000

0.112

62.78

Results from Solid-State Battery

The figure 4.20 shows the Lithium ion concentration variation in Cathode (LiCoO2) during
the discharging of battery at different condition:

Figure 4.20: Variation of Li ion concentration in positive electrode along the axis

The above figure at the discharge rate of 1.6C there is almost constant amount (22700
mol/m3) of Li-ion concentration across the positive electrode (LiCoO2) and at very high
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discharge rate like at 51.6C there was very significant difference in the concentration
profile across the electrode length suggesting that at higher C rates, there was greater
gradient in the concentration across the length of the electrode. The plateau is shifted
downwards for higher discharge rates due to the higher internal losses for higher currents.
The figure 4.21 shows the Lithium ion concentration variation in solid electrolyte (Li3PO4)
during the discharging of battery at different condition:

Figure 4.21: Electrolyte concentration at end of discharge for various discharge rates

In this case too, the variation of Li+ ion concentration in solid electrolyte is almost constant
for 1.6C rate but there is large variation in the Li+ ion concentration when one moves from
anode interface to the cathode interface during the higher discharge current rates of 51.6C
with 19000 mol/m3 on one side and 2000 mol/m3 on another. The deviation of
concentration at the electrodes from the equilibrium concentration is higher for higher
discharge currents which is due to higher internal losses for higher current rates.
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In the figure 4.22 shown below, discharge curves (cell voltage vs. time) for various
discharge rates is plotted.

Figure 4.22: Discharge curves (cell voltage vs. time) for various discharge rates.

The comparison of the discharge curves for the different discharge rates was done on the
voltage time axis indicating the capacity and the voltage plateau of solid-state battery. The
position of the plateau (the nominal voltage) before depletion is moved downwards for
higher discharge rates which is due to the transfer of more number of Li+ ions to the positive
electrode during discharge stage as suggested from previous results.
So, following the procedure from the COMSOL model library pdf, the model the simple
one-dimensional Li ion battery with Solid electrolyte (LIPON) with solid electrolyte as
lithium as anode, LiCoO2 as cathode was developed to study discharge Profile of Li1-xCoO2
on varying discharge rates and concentration distribution of Li+ ions in the length of battery
during varying time was studied.
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Chapter 5: Conclusions and Recommendations.
5.1

Summary

The interest towards renewable energy such as wind, solar are increasing because they are
sustainable and clean. However, due to their intermittent in nature, we need the proper
storage device to store them. The need of battery with high power and high energy density
becomes most to provide continuous supply of required energy. The ideal battery for the
applications should have high energy and power density, safe operation, low capacity
fading, operates in all range of temperature and should be inexpensive as well. By the next
decade, it is forecasted that most of the vehicles (either HEV or EV) run on batteries. So,
the need of high capacity and safe battery operating in all range with proper model to study
the parameters of the battery is very important.
Lithium ion batteries has been very promising due to its light weight, high energy storage
density, high open circuit output voltage, low self-discharge, fast and efficient charging,
no memory effect, and minimal maintenance requirement. The battery has higher open
circuit (3.5V~4V) voltage than other battery so that the single cell can run the most of
today’s electronics devices. It can also be cascaded easier to obtain upgraded performance
and the maintenance required is very low. However, due to the numerous safety issues
shown by the Li-ion battery, many researchers have been working on the solid-state lithium
ion battery to get enhanced performance as well as mitigating risk factors.
The reduction in chances of thermal runaway makes the solid-state battery relatively safer
than liquid electrolyte battery. The enhance performance due to possibility of higher
voltage and much longer cycle life, negligible growth of the passive SEI layer makes these
batteries more attractive. In addition, they are easy to construct in thin film, and avoid the
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problem of electrolyte leakage, exhibit a high power-to-weight ratio and, have two-to-three
times the energy density of existing automotive batteries which makes them be ideal for
use in electric vehicles. However, current solid-state electrolytes cannot perform
comparably with liquid electrolytes due to lower conductivity and poor contact area.
Although the working mechanism suggest that the reaction should work forever, but
cycling, elevated temperature degrades performance over time. The contributing factors to
capacity fade of the Li-ion battery is formation of SEI layer which increases the anode
impedance, loss of recyclable Li-ions, and degradation due to structural changes. These
parameters should be tracked to know the present capacity of the battery (SOH) and how
much charge it can deliver in current cycle (SOC) meeting standard requirement. So, the
suitable model should be developed to track the relevant parameters to study capacity fade.
For the model development of the capacity fade of the battery due to formation of passive
SEI layer (majority contribution from SEI resistance), the analytical approach has been
implemented. The model is based on the kinetic Monte Carlo simulation method where all
the four processes (adsorption, absorption, diffusion and surface passivation) rates are
studied. With the defined rate for all processes and using finite volume method for the
electrode surface, the Monte Carlo simulation method (best known for study of time
evolution of processes) was implemented to track the growth of the SEI layer. Although
the result varies to some instance due to the implementation of random numbers in the
simulation context, the statistical measures were applied. The thickness grew from 0.35nm
to 11.45nm in 2000 cycles. Then using the mathematical relation of the thickness to the
conductivity in the known area, the value of RSEI was calculated. The RSEI value was found
to be increasing with the cycle number with proportionate to the square root of time.
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The 1D electro-chemical model was developed based on the governing equations [23] to
study the charge, discharge and concentration profile of the Li-ion battery. The 3600 time
steps were considered for one hour discharging time (1C constant current rate) and the 25,
36 and 50 grids were made for anode, separator and electrolyte to implement the finite
volume method to solve the differential equations. So, use of the value of RSEI in the ButlerVolmer allowed to study the discharge profile on every cycle. The simulation was
performed for 2000 cycles with the discharge at the constant current rate of 1C and the
capacity, SOH and SOC was studied. The result showed that for my simulation approaches
and for the parameter used, SOH of battery after 2000 cycle was found to be around 84%.
The research towards the solid-state battery was growing, so the attempt to use COMSOL
Multiphysics to model the LIPON battery was made. The reference to the model was taken
from the Library model provided by COMSOL and variation of concentration during
charge and discharge process and capacity profile on different C-rates was studied.
The model could contribute to battery management system by tracking the battery
parameters and keeping the battery in the state to meet functional requirements of the
application, for which it was specified. This analytical model will not only help to monitor
the state, prolong the life of the battery, but also contribute a lot to the safety issues that
current batteries are facing and mitigate battery related accident in future.
5.2

Conclusion

An accurate model to predict the growth of Solid-Electrolyte Interface (SEI) layer of
Lithium-ion batteries was developed based on the Kinetic Monte Carlo approach, in which
four major dynamical processes of adsorption, absorption, diffusion, and passivation,
described by their individual rates, determined from chemical and physical properties of
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materials used in the battery were simulated. The passivation process was extended to
calculate the thickness of SEI layer. The one dimensional electro-chemical model was
developed and used the thickness/resistance information from KMC model to study the
contribution of SEI layer to capacity fading and ageing of the battery. In addition, the
model for solid-state battery was developed for the LIPON battery from the COMSOL
Library model to study concentration variation and the discharge profile.
5.3

Recommendations for Future Work.

The capacity fading of the Li-ion battery was considered only using formation of passive
solid-electrolyte interphase layer. However, there are other factors affecting the battery
performance. So, neglecting the contribution of the other factors would hinders the
accuracy of model. Hence the accuracy can be increased by increasing complexity of model
considering all the contributors as electrode degradation, dendritic growth, loss of
recyclable lithium ions etc.
Similarly, at the solid-electrolyte interface, only the role of passivation (Passive SEI layer
formation blocking the path for Li+ ion to intercalate/de-intercalate) was considered. The
role of active SEI layer formed during formation cycling and having positive effect to the
battery was clearly put to the shadow. In the future model, the positive role of active SEI
layer can be considered. Rather than using the inequality approaches to determine which
process could occur at that instance, other learning approaches can be implemented for
better accuracy and convergence. Similarly, the results can be coupled to three-dimensional
model including thermal effects provided by advance battery modeling software to study
the performance on different working and fluctuating temperatures. In addition, the solidstate battery model can be expanded to the multi-dimensional level to gain higher accuracy.
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